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1.0 INTRODUCTION

This is an informal compilation of analyses, memoranda, procedures
and reports published by the NRO Reliability Section between 15 July 1969 and
31 December 1969. The purpose of this report is to appraise cognizant

program management personnel, at SNPO-C, WANL, and NRO, of progress
toward established program objectives.
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MEMORANDUM
TO: P. P. Ventura DATE: 21 August 1969
7850:M 0258
FROM: W. M, Bryan
SUBJECT: Reliability Data Items

COPIES T(: J. J. Beereboom, H. F. Gallagher, B. Mandell,
J. H. Ramsthaler, S. A, Varga
NTO: Ww. H. Bushnell

In a mecting with L. Nichols, SNPO-C on 13-14 August 1969, tentative agreement
was reached on the number of AFSCM/AFLCM 310-1 reliability data items to de
utilized on the NERVA Program. This list is shown below along with the current
status and pertinent remarks. Recommended Form 9's for new data items will
be prepared and submitted during CY 70.

Form 9
Data Item Status Remarks
R-101 In use Minor modifications currently being negotiated
R-102 - Not »pplicable - maintainability item.
R-103 Gee R-202 Not applicable - maintainability item.
R-104 - Not to be used.
R-105 - Subject to be covered i Reliability Proc_dure
NRP 400, Data Item will not be us._d.
R-106 Being Reliability Test and Evaluatica Plan.
negotiated
R-107 - Not applicable - maintainability item.
R-108 - Subject to be covered in Reliability Procedure
NRP 400, Data Item will not be used.
P.-109 To be Annual report to be required. Will not be
prepared related to program milestoues.
R-J10 - Not to be used. Reliability status to be provided
in program quarterly report.
R-111 - Not applicable - maintainability item.
R-112 To be Reliability Test and Evaluation Reports.
prepared

<.

P



BLANK PAGE



P. P. Ventura

Form 9
Diia Item Status
R-113 -
R-114 -
R-115 -
R-116 -
R-202 In use

v

- 21 August 19€9
7850:M0258

Remarks
Not applicable - .aziitainability item.

Subject to be covered in future reliability
procedure. Data Item will not be used.

Not to be used. /

i
Not to be used. :

Reliability tmta report to be issued at DE*B
PDR, CDR, :t |

¢

L \

)
]

hom. 6» e

W. M. Bryan, Supervisor
Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CATEGORY
UNCLASSIFIED

Wl . é%:f n 9/'304(,7
{ CUASSIFYING CHICER DATE
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MEMORANDUM

TO: W. M. Bryan DATE: 28 August 1969
7850:M0263
FROM: L. P. Burke
SUBJECT: Radiat:on Effects Data iu Instrumentation and Controls
Reliability
COPIES TO: J. W. Brewer, J. W. Conant, J. H. Ramsthaler,

E. A. Sheridan, J. E. Stadig ;
NTO: W. H. Bushnell :

REFERENCE: (a) Meeting 25 August 1969, L. P. Burke and
J. E. Stadig, same subject

Reference (a) meeting was held to assist in work that has begun on collecting
radiaticn effects data. These data will be interpreted into "K' factors for use
in the Insirumentation and Ccentrols reliability equations. =

Information ottained from Reference (a) has shown the possibility of using
existing computer programs, such as PAN E, "Performarce Analysis of Elec-
tronic Circuitry', as a subroutiae in the 1 & C system reliability computer
program. J. Stadig was requested to provide access to this and other programs
at his convenience.

J. Stadig is also preparing a program plan for continued radiation effects work,
and rcjuested Department 7850's assistance in orienting his plan toward acqui-

sition and preparation of data significant for use in the reliability analysis of the
Instrumentation and Controls subsystem.

A mecting to review Department 7850's effort on this matter is tentativcly
scheduled for early next week.

7 E
Ny »bJA——'

L. P. Burke

Reliability

renabiliy & Safety Analysis Section
Nuclear Peocket Operations

CLASS'FICATION CATSGRRY

| _UNCLASSIFIED

o 9’/.%/4.7 2.3

N ..
CLASSIFYING TCiR DATE
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MEMORANDUM
TO: P. P. Ventura DATE: 22 September 1969
7850:M0278
FROM: R. E. Lavond
SUBJECT: Reliability/Trend Data Review of Data Item C-100 Data and

Documentation Management Plan (Supplemental Plan)

COPIES TO: J. J. Beereboom, W. M. Bryan, J. L. Goldin,
J. M. Klacking, B. Mandell, J. H. Ramsthaler
NTO: W. H. Bushnell

REFERENCE: (a) Memo 7810:1225M, dated 9 September 1969,
P. P. Ventura to Distribution, same subject

Per your request, subject data itermn has been reviewed for acceptability
to Reliability, The following comments are forwarded for consideration:

a. No changes are considered necessary to the text.
b. Figures 2-3, 2-12, 2-14 and 2-17 should be revised as follows:

(1) “Criteria and/or requirements' should be li :d for "Trend
Data, Malfunction/Failure reports, and Parts Qualification', a. a DRB require-
ment.

(2) A requirement to "verify all specification requirements" in
CEI and ECC specifications should be added for PDR.

(3) Trend Data Characteristics should be required for PDR under
data item entitled '""Document Manufacturing Program'.

For further information please contact the undersigned at extension 5-6975.

crrect
R. E. Lavond
Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CATEGORY
UNCLASSIFIED /
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e . LT B IR BATE: 3 Noveaber 1969
1850:40317

Flavis Jo He Neanthialer

SURIELCT Revic o of (7381 Pantainability Prograan

Wyeece ot zoeener Pl

PISTRINLTION: J, b, Boorehotsr, ¥, M, Bevan, K, Clarbiraeu,
s Sis G('J';-!td’ Le Y !:amslnr, B. :':dia‘}i‘ij,
He . Woseo

[
m: ". “. mis‘-.it“l
REFERENCES (o) I+ aacandiea 7050:8507), B, Hnlawen to Distributien,

datest 20 Getoher 1969, Subject: Requeat for Roviow
of EXS-l Haintelnability Progras

(b) Mowo XTO-%-7R727, W. N, Mushncllia, P, Wober to
¥, . Razor, Subjcct: NVO RedvianiiityMMatutaivabllity
Progvam €70, daced 28 Ociober 1959
A vivice has beca completed of the prepaned ETS-1 laiatainebility Propr.a as
det ined fa Beterepre (a). e plaa as presented fe A gond mpaintescus sregen
for vatves and sechanical parts, bul does aol regresent oo overall rafutolnapitics
vifart joir the (acili'y.

LTS 1 cnrpently anpenes ns a majur constraiat fa the REUNPA testlyyg rrogran
ool time deluys for equipsent malfvuections will have cojor pregrai-atic
fmpiication.. 1t s steompely reeosmended the plan be capanded to include all
eluments of o asadntaivability prograa,
A tote) eaintainabilicy pro;rom would include eleneats as outlined below.
1) IXdentify currenl coniijuration of all equipmert.
2) Accwmaulale failere rate history.
3) Ietermive costr of test delays to the program.
4) Siudy means of reducing te-.i delays due to equipment malfunctions.

(a) Replnee equipanat

(b) Modify equipment

(¢) Preventative maintevance

(d) Aceept knowm risks of test delays

$) MNodify equipwent per cost studfes and implement computerized maintenance
program.

2.8
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TO:
FROM:
SUBJECT:

COPIES TO:

ENCLOSURE:

MEMOKANDUM
E. A. Sheridan DATE: 7 November 1969
7850:M0330
W. M. Bryan

Reliability Training

L. P. Burke, V. M, H. Chang, H. F. Gallagher,
W. P. Gilles. A, J. Mihanovich, H. Musgrove,
J. H. Ramsthaler, M. D. Smith, E. J. West

(1) Lecture Series

Enclosure (1) presents a revision to the lecture series by Department 7850
to grovide training to Department 7820 personnel in the use of Reliability

analytical techniques.

identified.

Additional lectures will be added as requirements are

R
w. l,) /-f".ﬁ; 4~
W. M. Bryé4n, Supervisor
Reliabiluty
Reliability & Safety Analysis Section
Nuclear Rocket Operations

PR

CLASSHICATICN C41(CORY

UNC 1.:\55] IED
11 P/
b

A
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Date

Completed

Completed

17 Nov. 1969

20 Nov. 1969

25 Nov. 1969

2 Dec. 1969

8 Dec. 1969

15 Dec. 1969

Enclosure (1)

7850:M0330

LECTURE SERIES

Title Speaker
Reliability Analysis of the 10-Channel J. W, Brewer
Averager - Part 1
Introduction to Reliability J. H. Ramsthaler
Reliability Analysis of the 10-Channel J. W. Brewer
Averager - Part Il
Introduction to Statistics 1 M. W. Layard
Introduction to Statistics 1II M. W, Layard
Applied Statistics A. J. Mihanovich
Circuit Reliability Analysis I J. H. Morison
Monte Carlo Simulation Techniques 1 P. H. Raabe

2. &
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MEMORANDUMN

T0: k. E. Stephens DATE: 16 December 1969
7850:140372

FROM: J. H. Ramsthaler

SUBJECT: Reliability and Safety Requirements

for Trade Studics

DISTRIBUTION: L. Cota, G. H. Brock, W. £. Durxee, F.Farquhar,
W. J. Houghton, G. D. Hert, L. D. Johnson,
C. F. Leyse, P. Kluger, B. Mandell, W. W. Madsen,
R. R. Stiger, D. F. Vanica, E. A. Warman, J. L. Watkins,
N. F. Wessinger, Section 7850 Perscnnel

REFERENCE : (a) Memo J. H. Ramsthaler to 5. Mandell,
7850:10370 dated 16 Decermber 1969,
Subject: Report on Reliability Meeting
with R. W. Schroeder, SHPO-C, on Dec. 11/69

Reliability and safely are required disciplines to be considercd as
trade-off factors in all trade studiew, the same as are, for excmple,
performance and weight. Accordingly, all trade study reports shouid
include sections on reliability and safety. It is anticipated that

for a minor number of trade studies, reliability and/or safety will

not be Tactors for consideration. In these cases, reliability and/or
safety scections which present the logic and jusiivication why thesc
disciplines were not included as trade-off factors should still be
provided. In no case should the cmission of a reiiability and/or safety
input from a trade study report result in the inpression that these
disciplines were rmistakingly overlooked. Dr. L. Nichols has informally
indicated that any trade study report which does not include a failure
mode analysis will not be satisfactory to SNPO. At a meeting with

R. W. Schroeder on veliability, Reference (a), K¢ was very critical of
the WANL reliability effort and from his comments, it is my conclusion
their principal error was the lack of a failure iode analysis.

Reliability and Safety Analysis personnel (Section 7850) are available

and should be used to provide the reliability and safety analyses required
to support the trade studies. Trade Study project engineers should make
requests for reliability and safcty analysis to ihe undersigned, or
specific requests should be made for reliability analysis to W. M. Bryan
or for safety analysis to D. S. Duncan. Because of the large number of
trade studies in progress, the maximum lead time possible should be
provided to Section 7850 to conduct the required analysis.

2.7



W. E. Stephens -2- 7850:110372

tarly coordination with Section 7850 for reliability and safety analysis
during the conduct of the trade studies will facilitate the review

by Secton 7850 of the final S-54 reports.

J. H. Ramsthaler, Manager
Reliabiltiy & Safety Analysis Section

Nuclear Rocket Operations

APPROVED

B Nandélﬁgéiz:;oer

Englne System Department
Nuclear Rocket Operations

CL\S)!:?\.&—I- l‘ .07% .
UNCLA éiflED
i R
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MEMORANDUM

TO: W. J. Houghton DATE: 3 September 1969
7850:M o2 &

FROM: R. E Lavend

SUBJECT: Trade Study 002 - Post Shutdown Space Operations

COPIES TO: J. H. Altseimer, E. K. Bair, D. Buden, S. E. Colucci,

J. M. Klacking, P. Kluger, B. Misra, G. G. Strucel,
E. V. Krivanec
NTO: W. H. Bushnell
ENCLOSURES: (1) Tabulation: Nuil Concept Reliauilities
(2) Schematics of Pressure Fed System
(3) Schematics of "Pump' Fed Systems
{(4) Null System - Reliability Diagrams
(5) Reliability Math Models - General (for '"n' cycles)
(6) Failure Rates NERVA Controls Components

(7) Reliability Calculation Matrices
{8) Concept Events

&xmm ary

This analysis addresses itself to estimating the reliability effect of various
thrust nulling concepts on NERVA engine functions. The eight cooldown-thrust
nulling concepts analyzed are shown in Enclosures (2) and (3). As shown in
Enclosure (1) the range of failure rates (e.g., the compliment of Reliability is
the Failure Rate) is estimated to be from 4416 failures per million (for sigma
concept) to 6707 for 5b concept. Sigma is therefore about 34% better than 5b, about
25% better than the average pressure fed system, about 18% better than the average
of all vystems, about 4% better than the aver age tank pressure fed gystem and also
about 4% better than the ne xt best system (concept delta).

Due to decreased complexity, tank fed systems are about 16% better than pump
fed systems.

Variations within the tank fed concepts are primarily due to:

a. Reduced leakage paths during thrusting because of redundaucy caused
by CNDVs or TNDVs, and

b. Easc of cooling down due to a minimum of valving changes required, and

because of stand-by redundancy in cases 1sing PSOVs for pulse cooling ilow.

3./
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W . J. Houghton -2 - 3 September 1969
7850:M

As indicated in Enclosures (5) and (7), all components are assumed to
be cycle sensitive. Ea;ch component or component group iz 'cycled' as often
as required by the mission to account for reliability degradation during the
massion. The results, Enclosure (1), are the current\(‘mestimates

for the cooldown thrust nulling systems.

Satis{action of PERT ltems

This transmittal completes PERT events 301 through 310 and 312.

Conclusicns and Recommendations

1. Tank pressure fed thrust nulling concepts are more reliable than

pumped concepts.

2. To be acceptable, axial thrust nulling valves must be of the analog
variety.
3. There is no significant reliability difference between ullage gas and

liquid 'c'ooling concepts.

4. There is no significant reliability difference between radial and axial
nulling c:mcepts.

5. Based only on re¢liability considerations, the tank fed, radial nulled,
liquid hydrogen cooled sigma concept is judged superior to the other concepts

(provided analog TNVs are incorporated).

' Oiscussion

To standardize the analysis, each concept was (mathematically) considered

to undergo the rigors of Mission A with its two rendezvous with a synchronous

spacc station and return. To facilitate calculations, each concept was aa‘-h}fzncl

form its ‘mpaet-on ability to produce thrust, to cooldown, to null and to coast.

-
o2
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W . J. Houghton -3 - 3 Sestember 1969
7850:M

These results are presented in Enclosure (1) for each of the eight concepts.
Enclosures (2) and (3) contain schematic diagrams of tank pressure-fed and
pumped concepts respectively,

The logic employed for each concept is indicated in Euaclnsure (4) -
'Null Systems -- Reliability Diagraras''. While Encivsure (5' presents the
general reliability mathematical models used to calculate the probabilities
of series, parallel and stand-by cases for ''n' cycles,

Failurc rates developed for R-202 were v.ed for this analysis and are
summarized in Enclosure (6). Components having similar functional require-
ments being assigned similar failure rates to assure consistent recults.
Enclosure (7) illustrates the results of subgtituting probabilities of success
(i.e., 1.0 - Failure Rate) into the math models of Enclosuze (%) as indicated
by the logic of Enclosure (4). These results indicate the probavility of\proper
opcration for the applicable number of cycles. The prcducts of these prcba-
bilities is the probability of success for that concept and is the final reliability
figure presented. Concept functional requirements are listed in Enclusure (8)

for each mission phase. )

R. E. Lavond

M\
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MEMORANDUM

TO: R. H. Coppo/S. J. Komjathy!3®®) 22 July 1969
7850:M0219

FROM: F. C. Valls

SUBJECT: Comparative Preliminary Design Reliability Evaluation

of a "U" Tube (1136367) versus an "Oval' Tube (1136081)
Nozzle Skirt

COPIES TO: W. J. Bronner, W.M. Bryan, F. E. Porter,
J. H. Ramsthaler, L. .. Shurley, E. J, West,
R. D. Zonge

ENCLOSURE: (1) Summary of the Comparative Failure Modes
(To addressces (2) "U" Tube Nozzle Component Mechanism of
only) Failure Analysis
(3) "Oval' Tube Nozzle Component Mechanism
of Failure Analysis

Enclosures listed above represent a completed preliminary comparative
component mechanism of failure analysis of the "U tube, steel jacketed' versus
the 'oval (O) tube bundle, band reinforced' nozzle skirt concepts.

From the summation of the mechanism failure rates for all the elements
of cach concept participating in each mode of failure, one must predict that the
tubc bundle is a more reliable design than the jacketed design (predicted .9470
vs .9;663).

Reviewing the synthesis of the comparative reliability of the "U" tube and
the "oval' tube, it is interesting to postulate(in terms of the designs iailure rates
(failures/million cycles) and component failure modes) what specific inferences
can be made from the quantitative evaluation. Acccrdingly, the significant
recorded failure rates for the "U'" and the 'oval' configurations are observed, as:

1. (202 vs 77) for the end caps.

2. (135 vs 53) for the nozzle tube designs.

The summation of the failure rates of the mechanisms, constituting each of
the three principal modes of failure, also respectively for each tube concept, are:

1. To transmit axial thrust (41 vs 5).
2. To resist internal pressure (9 vs 26).

3. To conduct coolant (157 vs 99).
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R. Il. Coppo/S. T, Komjathy 22 July 1969
7850:M0219

Considering first the Rp justifications, it can be thus predicted that the
Jacketed nozzle design will have more problems from longitudinal differential
exvansion of the "U" tubes and support, as well as, from the differential radial
cxpansions of the flanges, jacket and tubes. Secondly, the R, factor for the
jacketed design can be substantially reduced, by employing mqore gophisticated
methods of preventing or detecting potential cyclical damage.

This preliminary reliability engineering analysis has been prepared for
4 final review with the design and quality assurance engineers. During the
preparation of this report several design modifications, as well as quality
assurance techniques, have been proposed and are presently under considera-
tion, These should reduce the failure rate of the jacket design considerably
and together with other considerations make the design more attractive.

ARy 7y
FoU i
F. C. Valls
Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations
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s MEMORANDUM

e

10! A. V., Lundback DATE: 31 July 1969
7850:M0234
. FROM: J. H. Morison
SUBJECT: Reliability Critique of PSS Schematic (Dwg. No, 1136354)
COPIES TO: J. H. Altseimer, J. J. Beereboom, B. Mandell,

I. L. Odgers, J. H. Ramsthaler, 7850 Personnel

REFERENCE: {(a) Memo 7770:M:6138, dtd 2 Jul 69, A. V. Lundback
to C. R. Snyder, Subject: Minutes of Meeting to
Discuss Integrated PSS Trade Study and System
Design Report

In response to Reference (a) a preliminary reliability review was completed
for the subject PSS. Two potential problem areas with regard to reliability
became apparent, They are as {ollows:

a, Both PSOV's opcrate off of a common PSS isolation valve pair. This
tends to negate the redundancy of the twin TPA systems because failure of both
isolation valves can shut down both TPA legs. It is recommended that individual
PSS isolation valve pairs and lines be used to supply each PSOV.

b. It should be noted that both TBVs and the TPCV of cach TPA assembly
operate off one PSS isolation valve pair. If both isolation valves in a leg fail to
open (e.g., SSV-29 and SSV-28) at the beginning of a thrust period, the TBVs
(TBV] and TBV3), will be left open and the TPCV (TPCV}) will be left closed.
Assuming that the primary function the fast-closing TBVs is to isolate potentially-
destructive TPA failurcs, both TPAs can be operated by the surviving TPCV
(TPCV;) but no means are available for isolating the orphaned TPA (TPA]) in the
cvent it fails. The failure of the isolation valves would therefore probably be cause
for aborting the mission. It is recommended that some means of isolating a TPA
be provided in the event of a failure of a corresponding isolation valve pair, or
provision be made for separate isolation valves for TBV; and TBVy,.

.
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MEMORANDUM

TOo: R. D. Huffman DATE: 1 August 1969
7850:M0235

FROM: L. P. Burke

SUBJECT: Preliminary Reliability Review of Department 7820 Turbine

Drive Fluid Control Evaluation

COPIES TO: J. J. Beereboom, W, M. Bryan, V. M. H. Chang,
N. F. Wessinger, H. Musgrove, J. H. Ramsthaler,
E. A, Sheridan, 7850 Persoanel

REFERENCE: (a) Feasibility Evaluation of Alternate Pressure Control
Concepts, N. F. Wessinger, dated July 1969 (Not
published, preliminary)

Relference (a) evaluated several methods of controlling turbine power
and concluded that the use of binary or analogue valves in parallel with a fixed
orifice may result in 2 more reliable and simpler control system than the
single analogue valve used for the present reference engine design.

The detailed circuitry that would be required to control the proposed
orifice/ valve{s) system has not been designed. Therefore, evaluation of which
system may be most reliable will be one of conjecture at this time.

Ccnclusions

The operation of the parallel valve(s) is understood to be required
in addition 10 the orifice during engine start and cooldown. As a result, the
rehability of the proposed parallel orifice/valve(s) systems will be less than
the reliability of the reference engine analogue valve turbine power control
duriag engine start and cooldown.

The degradation in reliability derives from the orifice element, as
the success of the turbine power system is dependent upon the successful
operation of both the orifice and parallel valve(s) system.

The simplicity and potentially greater reliability of a digital/multi-
vibrator type control system as compared to an analogue system is recognized,
but this pain may be offset by the reliability product of multiple parallel binary
valves. This is particularly so if all the parallel valves must be opened or
¢losed (no failures allowed) for the system to correctly operate.

In all of the parallel orifice/valve(s) systems proposed, no means
have been shown that allow isolation of a valve(s) failure. Should a parallel
valve failure occur, loss of control over a subsequent startup would occur.
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R. 1) Hultiman -2 - 1 August 196)
7850:M0235

Revcommendations

Single or multiple valves parallel to an orifice turbine power control
is not recommended because of system reliability degradation during engine
start and cooldown.

Should an orifice system prove advantageous for controlling steady
stale operation, a separate orifice isolation and start and shutdown system is
recommended, with some means of TPCV redundancy and isolation.

Detailing of control circuit blocks is recommended to allow a relia-
bility analysis of this portion of the turbine power coatrol system.

LUt .) .
d i«-’\"l‘&—#
L. P. Burke
Reliability :
Reliability &k Safety Analysis Section i
Nuclear Rocket Operations o
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MIEMORANDUM
1TO: R. B. Wright DATE: 6 August 1969
7850:M0239
FROA: E. B. Cleveland - -
SURJERC':: Reliability Evaluation of Diluent Supply and Bolt Coolant

Concepts - Trade Stedy 006

COMESs T W. M. Bryan, J. J. Beereboom, D. S. Duncan,
J. H. Ramstha'ler, L. A, Shurley, J. L. Watkins,
E. J. Wast, 7850 Pcrsonnel

REFFRENCE: (a) Memo 7770:M6139, dtd 7 July 1969, L. D. Johnson
to J. M. Klacking, Subject: Diluent Control Valve

ENCLOSURLE: (1) Concepts Layout 1136744
(2) Reliability Evaluation Chart

The tirree concepts for diluent supply and bolt coolant for Trade Study 006
showua in Faclosure (1) have been evaluated as to their relative reliability.

The vumerical ratings, Enclosure (2), show no significant differsnce betwecn
Coverpts It indi €. Both feature shost lines that should resist vibration
cquolly well. Concept B perimits deletion of the two Bolt Coolaut lines and
their pos=zible failere modes, however, flow of the diluent 1o the hot ges

bled ¢t port is in series with the small passages in the bolts. thouyh not
cviluated in detail it may be possible to have reduced dilueat fiow beczuse

of restrictions in sorme of the bolts. The reduced flow may not result in
failure of the bolts but inay require a reduction in engine power.

Concept C requires a port in the pressure vessel in a region of high stress
which would be expected to reduce reliability,

The evaluation indicates that Concept A would be expected to have the lowest
reliabilily of the three. This is primarily because of the greater number of
weld joinis and the incrcased susceptibility to failure from vibration-induced
stresses of this long line, To simplify the evaluation and bascd on the recom-
mendations of Pefereence (a), the DCV has not becn included. The DCV would
only further reduce the relative reliability of Concept A.

V4
., . 3 .
4 * . e .
E. B. Cleveland 4
Reliability
Reliability & Safety Analysis Scction
Nuclear Rocket Operations
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MEMORANDUM

TO: L. D. Johnson DATE: 3 September 1969
‘ 7850:M0267
FROM: W. M. Bryan
SUBJECT: Reliability Analysis in Support of Trade Study Number 007
COPIES TO: J. J. Beereboom, V. M. Chang, A. D. Cornell, D. S. Duncan,

J. M. Klacking, E. V. Krivanic, C. F. Leyse, B. Mandell,
I. L. Odgers, D, E. Price, W. O. Wetmore
NTO: W. H. Bushnell

ENCLOSURES: (1) WANL Control Drum Trade Study Reliability Assumptions
(2) Preliminary System Reliability Analysis

A preliminary review has been made of the reliability analysis presented
by WANL in support of the Reactor Controls Concept Trade Study (701).

It is concluded the WANL analysis is in error. They computed reliability
two ways, the first analysis assumed mission failure occurred if any of the drums
failed, and the second analysis assumed one drum failed at launch, and the mission
was continued with a degraded reliability on the core due to temperature scalloping.

They then indicated there was a slight reliability advantage for the lower
number of drums for case #1, and a large reliability advantage for the higher
number of drums for case #2. They recommended NERVA have 36 drums saying
that case #2 was the one which must be considered since the NPRD says no one
failure is permissable.

Their calculation technique on case #l is valid but their calculation is in
error on case #2 and their interpretation of the NPRD for reliability calculations
is also wrong. The NPRD says: 'In particular, maximum effort should be placed
on a design which eliminates single failures or credible combinations of errors
and/or failures which endanger the completion of the mission flight crew, launch
crew or the general public'. WANL interpreted this to mean reliability should be
computed given the failure has occurred. This is, of course, ridiculous because
it would then be necessary to compute reliability with one of everything failed.

The cquation for case #2, calculating reliability with a one out compatibility,
did not consider that the need for operating with the core in a degraded condition
only occurs given that a drum has already failed. Therefore, the probability that
the mission will succeed is enhanced by the one out capability not severely degraded
as WANL concluded by failing a drum at launch. The judgement in their model is
also felt to be poor for the following reasons:

a. They considered an equal probability of fail in and fail out with no
consideration of fail in place. Fail "in place'" and fail "in' have a minor effect on
core reliability compared to fail "out" which degrades it substantially. By
designing the drums to fail in place or in the reliability degradation associated with
a failure could be minimized. -
3. 2 ¢ -
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7850:M0267

b, They did not consider failure ratés associated with 1&C and the
pncumatic supply systems which increase as the number of drums increase.

C. No reliability decrements were considered for changes in reflector
and dome reliability associated with changes in the number of drums.

d. No consideration was given to multiple drum failures which might
randomly occur or could result from items common to banks of drums such as
the P.S.S.

c. They did not give sufficient consideration to the fact that the failure
rates derived were very subjective and therefore, they should have conducted
sensitivity studies to determine if the advantage for the various concepts changes
if the failure rates are indeed in error.

A few preliminary studies have been made at AGC using the WANL-identified
failure modes to determine the sensitivity of the drum systemn reliability to errors
in the failure rate estimates. The model used for the study is shown in Enclo-
sure (1). This model considers the combined effec! of the total system success
and system success if one drum fails in the in, or out position. The start point
failurc rates represent those utilized in WANL's study.

Enclosure (2) shows the drum system reliability as a function of actuator
failurc rate at three levels of I&C reliability. In all cases except at high 1&C
reliability and high actuator failure rate the lower number of drums is the more
rcliable. In the exception case the 18 drum system is slightly more reliable than
the twelve, but in all cases the 36 drum system is the poorest.

Enclosure (3) shows an increase in the spread between the three system
reliability values when a single drum failure is considered to have occurred at
mid-mission instead of at launch and that fail "in place' is added as a drum failure
mode. (For simplicity in this preliminary analysis, each of the three failure
modes was considered equally likely.) Again the reliability values are calculated
as a f{unction of actuator failure rate to determine the sensitivity of the concept
comparison. For all cases, the lower number of drums is the more reliable.

Enclosure (4) lists the assumptions made in WANL's reliability analysis
which resulted in the recommendation for the 36 drum concept. Assumption
number (1) was the key itermn that resulted in a "sub-optimization' of reliability
given that the reactor was in a failed state. However, most of the other assump-
tions seemn also to favor the 36 drum concept. It is recommended that further
analyses be made by WANL of the various reactor control concepts considering
total system reliability and reliability sensitivity analyses to test the resultant
recommendations against critical parameters and assumptions. Critical param-
cters recommended for sensitivity analysis include the following:

a. Actuator failure rate.
b. Reactor failure rate (both in success and failed state).
c. Fail position of actuators,
7.25
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L. D. Johnson -3 - 3 September 1969

7850:M0267

d. Increased complexity associated with 36 drum design.
c. Effect of the failed state with reduced drum span,
t. Reliability degradation during coast.

W.m. Bujan

W. M. Bryan, Supervisor
Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations

CUASSIFICATION CATEGORY
UNCLASSIFIED
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MEMORANDUM

TO: A. D. Cornell DATE: 5 September 1969
7850:M 0268

FROM: E. J. West

SURJECT: TPCV Actuator System Procurement Specification -

Reliability Requirements

COPIES TO: J. J. Becreboom, W. M, Bryan, D. Buden, W. E. Campbell,
V. M. Chang, J. W. Conaat, D. W. Duncan, C. W. Funk,
D. E. Glum, E. H. Hill, G. D. Johannsen, L. D. Johnson,
G. S. Kaveney, J. M. Klacking, E. V., Krivanic, B, Mandell,
I. L. Odgers, F. E. Porter, W. F. Pro, J. H. Ramsthaler,
K. Sato, S. J. Williams, J. H. Yetto, R. F. Zwetter,
G. Martin
NTO: W. H. Bushnell

REFERENCE: (a) Memo 7770:6150, dtd 11 Aug 69, A. D. Cornell to
Distribution, same subject

The following sopecific changes are suggested to the referenced preliminary
specification for TPCV actuator systems. Changes are underlined or bracketed.

3.1.2.1.3 Numerical Reliability

The reliability requirement of the actuator systemn shall be TBD.

This requirement is “ased on successful completion of all prelaunch (final count-

down only} and inflight checkout maneuvers and a one year space coast followed

by 50 rainutes of operation (covering the throttled to full rated thrust range).
Opcration to include 1 maximum of 10 cycles with a maximum of 30 days coast

b-:itween cycles. AGC Reliability Specification defines the method

of evaluating component ability to meet these requirements.
3.1.2.3 Useful Liie
Tue actuator system shall be capable of completing a simulated
uscful life cycle in accordance with Table I where the cycle provides for the
following events prior to and during a single mission of the NERVA vehicle:
A, Acceptance Test
B. Prelaunch Checkout

E. Boost

D. Coast (1 year) .7’..52
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A. D. Cornell -2 - 5 September 196?
7850:M0268

3.1.2.3. Usetul Life (cont.)
C. Engine Pre-Start Conditioning
D Engine Start-up
E. Engine Steady-State Operation
F. Engine Throttling
G Engine Shatdown

H. Coast (1 month)

e

Repeat C. to H. 10 cycles

3.3.1.1 Design Analysis
A. Stress Analysis per SNPO-C-1
B. Thermal Analysis
C. Reliability fnalysis per AGC
In general, the reliability analysis of all components will require the
following:
1. Statistically designed acceptance testing in order to estimate the
expccted mean and variance of each measured response variable. In general,
this requires an examination of the expected flight environments and their levels
which will affect the response variables of interest. In addition, estimates are
required of the precision and accuracy of the test instrumentation used in measaring
- the response variable, the extent of the interactions that can be expected among
the imposed environments, and the expected repeatibility of the response variables.
2. Determine the functional relationship between measurable response
variables. This requires an analysis of how shifts in one response variables

cffect the other response variables. A detailed failure mechanism may assist in

T e

this determination.
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3. Define the boundaries of each response variable, outside of which,
external compensation is required to prevent engine system failure.

4. Determine the probability of not exceeding the limits on each response
variable. Combine the probabilities using a component math model which
depects the response variable relationships.

5. Accept the design if the part is more reliable than the reliability
requirements.

Redesign if the part does not mcet the reliability requirement. (Redesign
may not be required in the long run if the component results, combined by an
engine made model, exceed the engine goal.)

6. Define a Qual. test program which will evaluate compunent ability to
mceet the useful life and maximum environmental exposure. These tests verify
changes in probability of meeting the engine limits defined in Para. 3. as a
function of time or cycles. Changes in reliability as a function of time or cycles
would be indicated by shi‘ts in means and/or variance. More than one mission
dutly cycle per component may be required in order to statistically define these
shifts.

For response variables where continuous measurements during a test
are available, estimates of the mean and variance may be derived from each
simulated thrust cycle. For response variables with single data measurements
per test, the results of several successive tests may be grouped to provide
e stimates of mean and variance.

The general reliability specification will outline this process but the
specific details of analysis must be presented in each Acceptance Test and
Qualification Test specification. j'\

e -l
M &24 E{T. West ‘

Reliavility
Reliability & Safety Analysis Section
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FROM: J. H. Forison .

SUBJECT : Reliability Input for Trade Study #17

DISTRIBUTION: J. H. Altseimer, W. M. Bryan, H. L. Daverport,

F. FairJgil, J. M. Klacking, A. V. Lundback,
B. Mandell, I. L. Odgers, Section 7850 Fersonnel

LNCLOSURE : (1) PSS Trade Study Input

Enclosed is the reliability input requestied by W. Davenport for

Trade Study #17. The reliability of the final PSS design is e-timated

to bz .9,87. This figure is derived assuming the relicbility of the

I&C system was a constant for all systems considered and that

internally generaled contamination did not cause muitiple failures.

The failure rates wore derived from Apollo and Gemini data. Erclosure (1)
includes sections 3.6.1 through 3.6.4 of the trade study and an aspendix
with a description of the opzration of the PSS, a PSS schematiic, and

the derivation and results of. reliability estimates.

/ J. H. Morison
Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CULASSIFICATION CATEGGRY
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3.6 ROLIGEILITY
3.6.1 Objective

In order t0 meet the high reliability requirement of
the NERVA program requirements documcnt, as mentioned in Section 2.1,
an iterative design and analysis procedure has beep used in this trade
stucdy. Since a component design phase will follow the current effort, it
was essential that the trade study resﬁ]t in choice of design alternatives
which are capable of being developed to the necessary reliability as well
as meeting the other system requirements. Simply stated; the objective of
this effort has been to achieve a configuration as defined by (1) a piping
and Tlow diagram (2) related designs,and (3) operating parameters that can
achieve the required high reliability without requiring excessive performance
or highly advanced stolz-of-the-art compbnents.

The sections thét follow discuss the reliability assess-
ment of the selected alternativer, the reliability assessment and the
reliability improvement potential.

3.6.2 Reliability Analysis
3.6.2.1

The reliability analysis and tradeoffs in this scction .
represent a fourth phase of reliability considerati ns. The four phases
rmay be described as follows:

3.6.2.2 Phase Ore

The first phase of reliability effort was the provision
df relial lity input during the initial design of the PSS system. This
input gencrally consisted of intuitive.comparisons ¢’ concepts with

356

respect to reliabi]ity;
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S.6.2.0 Puise oo

The secutd proy of reliobility eliort on the PSS
dovelopsent was ihe roliability anclysis ol the refrreuce engine of
Jady 1000 uhich wan the vesult o the inttieY dosign effort. This eralysis
fncludad the dovelomaent of reliability modeis and L derivetion of a
piediziad PSS relichilily of .z’:,ia for a 10 cycle missien. In doing this
study cemponent relizbility values ware derived from the current Last
estivaie of wen-raicd hardware {rom Apollo and Gemi i2ilure rate dats,
with no adjustmeni for the HERVA engine environment. These estimates,
therelore, repres-al the currant “state-of-the-art” of similar coapouents.

' 3.6.2.4 Phase Three

Phasce three of the reliability effort involved the analysis
and tradecif of changes in syslew configuration from thetl of the reference
engince of July 196°. The changes were invesiicatad in consideraticn of
perforaance, flighi safely, and relisbility. SHpeciiic sefety recommenvations
may be foind in 3.7.2. Of major concern werc the changes to the prneumatic
gas tanks in ordcr to comply wiih safety rocomaendations of capabilily of
tank isolation, cmwgeucy recharge and éuergem:y main propellant tank '

pressurization. Also filter hypass valves, actuator vent pressure release

and separate PSOV shutuff systems were added. The other safety recormizndations

suggesind were felt to not necessitate a basfc change in configuration.

3.6.2.5 Phasa Four, the Latest PSS

As a result of phase ‘three analysis a new PSS configuration
was designed and has been analyzed for reliability for a 10 cycle mission, a
one year coast followed by 10 firings with 30 day cocsts in between. Rofer
to Appendix 1 for @ schematic of the systcm and the analysis of its operation
and rcliability. Again Apollo and Gemini data providod the source for the
componcnt reliability estimates. Ho adjustment was made for the difference

betwein the NERVA cuvivonmant and the Apollo and Gemini cnvironicnts,

3.37
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the iy exceplion bein- an updated probobility of velve leclage of 004208
tedies than the: (000174 probability used previously and a reliability of

A for the tank woi lecking. The chinge in valve loakage vroliabiiity

resulicd from con.ideration of the incrdased leaaue probless associated

uith the we of Ok, and Lhe tank probebility of lcakage wus based on Aerojet's
experionce with pressur> vessels and was roquired to analyze the potentizl

of tunk isalation during the long periods of deep space operation the NERVA
will be subject to. T was found that using twe shutoffs in series foi cach
tank insured againct tank k.-‘akage and redundant opzning could still be provided
by topping & tani through an adjacent tank using the vent valves. The

rcliability of this tenk system was found to he .976. This resulted in
a rclishiliiy for this PSS system of .9,87 for a 10 cycle mission. Changes

B e T 2

other than the tauk systewm configuration had 1¥ttle cffcet on the systzn
reliobility.

3.6.2.6 Tant Network Comparison

It was felt that duc to the added cumplexity of the now
tank network it would be advisable to compare the single shutoff tank nct-
work of the July PSS with the new isolated tank network of the latest FSS
taking into accouat the ictstnmntition and joint lgakage reliabilitics. Taking
these factors into account the reliability of the isolated tank network is
.956 and the reliability of the old tank netvbrk with unisolated tanks is
.928489. This indicates the tank notwork with isolated tanks is superior with
respect to reliability, but it should be remombered that the reliabiliiy of
the control systen and no joint leakege m2y be much lower than is currcntly
cstimated. In this event a re-evaluation would be in ordar. Alsc past -
experience with taiiks of the type to be used for tlc PSS indicales they have
a very high r2liability (i.e., usually R assumed to be 1.0), therefore, if

tanks and joints can bc made more reliablc the unisolated tanks might prove

fo have acceptable reliability. J’ ),5
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3.6.2.7 MPT Pressurization
The main propellant tauk may also be considerced @ part
of the PSS systo.  IL's reliability was found to be essentially equal to

1.0 aud therefore does not afiect the overall system reliability a great
deal.

3.6.3 Reliability Aproriicnment

The reliability estinmate for the new PSS decign (.9‘8?)
is not greatly diffevent from the estimate for the systca of July 1969

T ST g £+

? (.9,80) and ther:iore given that the other subsystes reliabilities are about
. the sann, the relicbility apportiomment for the PSS sysiem will redcin about
|
ji .965'

3.6.4 Reliability lrproverient Potential

The PSS system presented in this report is basically
a8 reliable design and future improvements in reliability will prodauly

have to cowe Trum improvement in component reliabilitics.
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W Tunction of the PSS s to supnly cctuction ¢us to the

varieus vaive actu tos of the MURYA oagine ond the gimbal actuators
of the enaine,

The sysiem can be divided into thre@ groups. These are:

1) The presemized tenk system including th shuitofi refild
end vunt velves sosociaicd with each of the five tanlts.

2) The pressinee regulatios system,

3) The ten isnlation vilve systems for the valve actuator not-
works.,

The main propellont tank prossurization systom may also be includad
@t part of the PyS system.

The layout of the grouns wmoniion.d above cen ba seen in Ficuoe 1,
The octudtscn gas comes from the tanks tiwouch the tenk shutotfs or
cvow the dole during cagine steady stote operaiion.  The gas then possos
throush the pressure regulation systom and on to each of th: actuvater
shutoffs. |

Fach tank hus 0 serics isolation valves, a valve from tho main
prope1lant tonk for emergency recharge and a valve to the vent manifold
comaon to ali five PSS tanks. There are five tanks with enough volvwo to
give the system a "one out" capabilitq;fbr one shuidorm,conldown and
restart to point of rccharge. To ﬁinimize the probzbility of lcaken> ivo
valves are in series on any one of the threc leakege paths for each tavwk,
Redundant tank opening is insured by allowing a tank to be used thoovrch an
adjacent tauk vie the vent valves. The system also has an emergency recharge
capability. If it is nccessary to recharge for son:2 reasoa (i.e., prolonged

leakage) before the start of a burn, this can be dono by venting the phoumatic

tanks to space, filling them with LH2 from the muin propellant tank, and

' 3.4/
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allevinmg solar vadiation to b ot ihe H, to a kigh precsure gas. The dosign

2
tsi noavide meen of Jccomp]iahing this with clectricel pover only so
solenvid vaives o used,  The shuiofl Vulgés for cech group of actuzicers
are sclivoly vedindart,  The pressure regulation system employs standiy
vedunancy. |
The operation of the I'SS is as follows:
At the begimming of chilldown the PSS tanks ere still chiurged frow
a gramd charge a# the last eagine burn. At the beginning of chilldown the ‘;
PSS Lk shutofis open, the pressure regulation system begins to operate
and all shuloffs open except those for the CDA's, DIV und CNDV, TRV systems.
When starl occurs after 62 scconds of chilldown the CHDA and DCV shutoffs open i‘
and ducing full thrust all shatoffs but thai for the CHDV, THA ave open. At '
the end ot Tull thiust and thrust ramp down, 465 sccends after siart of chill- s
down, the COA and DCV shuloffs close. Both the TPCV shutof?s close ahout
20 sveonds later dwring puay tailoff. At the end of pump tailoTf, GO0
seconds afler start 6i chilldown, the PSOV shutoffs close and the CNOV, TRV

shutof’s opens for pulse cooling and thrust nulling. At the end of pulse

cooling/thrust nuiling, 31,354 scconds after start of chilldowm, all the I
PSS shutui®s cloze and coast bogins,
Appruximaticly 10 seconds after start begins the douz pressure is high

enougli such that Uic PSS tanks cun be recherged. Recharge at the PSS

v e s <8 e es s

continues as needod until about halfway thirough full thrust when the PSS tanks

come fully characd and the tunk shutoff closes. Thz PSS system is then driven

by doue pressure until halfway through thrust ramp down wvhen the tanl shutef?

opens. The PSS system then runs off tonk pressure until the next run begins. :?
buring coasi all shutoffs of the PSS system are closed. The f_

pressurization of the main propellant tank might @170 bc considered a function

of the PSS, The main tank is preswurized with exhaust from the valve actuators

as shown in Figuro 1. An alternate mecans of pressurizing the tank is the li

use of dome pressure or PSS tank pressure using the alternate vecharge ley

j,4£2. g

alse shown in Figure 1,
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-k The vholo Poloovattns 0y il neCe! Clhwiaa iCd.
- 1) robeliiiioy o o chegk valve failing 1o open 13 zer0,
-

&) Reliabilily of ¢ check valve not back Tcaking:

o Rckl = ,990%60 Tor oun cyle,

} 3) Reliehility of no tenk ledks in one cycl-:

. Rtuk = .9

- 4) Reliability of siqual senting: Rs = .9453 for onc cycle,
£ 4

5) Reliability of no leakagz through a sclenoid valve for

N one cycle: R, = 999792

6) Relichility of no leakage through a pilet operated valve

. for cie cycle: R = 999858,
: 7) Reliability of solenoid valve opening for one cycle:
‘.

8) Reliability of pilot operated valve opcning for wi2 cycle:

vao :,992356.

9) Reliab ity of pressure regulator: Rreg = ,999781.
10) The mission in question is one year of coast in space followd
by ten burns separated by thirty days ceast.

II.  SUMMARY OF PSS RELAGILITIES

NEW SYSTLM OLD SYSTEM
WITH 1SOLATED WITH UNISOLATED
- TANKS _ ImNks
Reliability of Tank System .975 .948935
Reliabilily of pilot operated (.0.8)3 (:958)°
. isolation valve systewms
. Reliability of solenoid isolation (.95) (.955)°
' volve systums .
Reliability of pressure regulation .9567 +967
system ' .
543
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SHETIARY GF 50 RELIARL TITILS (Coni'd)

NEW LS G0 SYSTL.
v oWTE IYOLATED o Ti UNISOLAT o
VIR TANS
Rel“ability of watn propeliont .9y > .97
tankh prossuric Lion

Total syst-n retiability cxcluding

9,07 9,51
prossurizelion L 4

Toi~1 Sysiew f-liability .9487 .945]
Inctuding WPT Prossuei sation ' e ——es

The redichility of e 0l1d T3S systew as oslimated in Joly 1909
wae .9,80. DBiTferent couponent reliability ostimates vesulted in
Lhe difier ol ootimate poesented above foo ho svstem with unisolated
tanks,

2

Inord.r to compaie Lhe new and the old¢ {:nk networts il was
assumed thel e reliabilitics of sensing failure and seiding signals
Lo valves vare Rs = .9450.

The probubility of any leak not baing catistrophic was:

- ‘
R‘\-‘ .7J

The prob:bLility of a joint to a component net leaking was:

R. = ,99997,,

J
Making these assumptions:
The old tank nctwork has a reliability of - .928489
The new tank neiwork hu: a reliability of - .956
r
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TO:
FROM:
SUBJECT:

MEMORANDUM

D. F. Vanica DATE: 10 October 1969
7850:M0283

C. T. Lang

Reliability Input to Trade Study No. 016

(Emergency Mission)

COPIES TO: 7850 Personael
ENCLOSURES: (1) Failure Modes Analysis

(2) Failure Mede Effects and Criticality Analysis
(3) Failure Mode Matrix

(4) Critical Failuve Explanations

The emergency mission has tentatively been defined as a reduced thrust
level mode of operation. This eliminates the need for decisions under emer-
gency conditions.

Cooling of the core will also be required until the nuclear hasard }as
been elminated by attainment of a sufficieatly loag lifetime orbit.

The primary objective of this analysis is to determine the mout reliable
emergency mission operating point for the non-auclear subsystem’ of the
NERVA engine. In addition to the normal full thrust mode, four possible

emergency thrust leveis are compared to determine if any one level is signifi-

cantly more reliable than another. These levels are tabulated below:

Thrust Isp Te P
) {sec) (R {psia)
75,000 825 4600 450
40,000 575 2425 245
38,000 560 2300 232
34,000 530 2070 209
30,000 500 1850 11

A cursory analysis indicates that since operating temperatures

the cngine system generally decrease with the lower thrust levcls, the thermal

stress also decreases, resulting in increased reliability,

F &7
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The maximum leagth of time anticipated for emergency mode operation
is 1000 ’econdl. To provide a minimum total impulse {30,000 Ibs x 1000 sec
= 3 x 10 1b-sec) for the emergency mission, the following burn times are

required:
Thrust, F {lbs) Time, t (sec)
40,000 750
38,000 790
34,000 882
30,000 1000

From this consideration, the shorter length of burn time would tend to
increase reliability, However, the engine is required to operate at full thrust
for 3600 seconds. The difference between 750 and 1000 seconds is probably
insigmificant.

To as¢ist in the selection of the most reliable emergency mode, a system
failure mode analysis was conducted. This analysis examines each compoaent
failure effect on the engine capability to complete an emergency mission. With
a given componeai failure mode, a determination is made relative to the level
of thrust and component redundancies that can be maintained. A total of 95
modes of failure were analysed. Eanclosure (1) categorizes these modes.

Approximately half of the failure modes (43) permit coatinued full thrust.
75% of these (32 of 43) permit dual pump operation. This would seem to indicate
that automatic reductiouv to low thrust or single pump operation would be an
unduly restrictive definition for the emergency mission mode.

Some compounent failures prevent normal cooldown through the auxiliary
cooldown circuit. In thiz event the emergency cooldown may be accomplished
by flowing Lﬂz through the PSOVs.

Enclosure (2) containz the failure modes analysis performed on the reference
engine components.

Euclosure (3) is a matrix of the failurc modes analysis showing the failure

modes by components, if they sffect normal cooldown and the mode of operation
after the failure.
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Enclosure (4) discusses those failures which result in the following:
a. Complete loss of thrust.

b. Single pump reduced thrust only.

c. Single pump, full thrust.

All of these modes of failure have either redundancy ; rovided or a low
probability of failure exists as evidenced by previous experience.

Conclusion:

Any one level of the four emergency thrust levels is not significantly more
reliable than ancther.

The emergency mission mode should coasider the failure mode that has
occurred and the resrviting engine capability. The dasirable thrust level in order
to prevent propagation of the failure should be considered.
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FALLIME MWDES ANALYSIS SIMMARY

Jotal No, of Failue Mod2s Coasidered

No, of failure modes which preveat mormml cooldown
No, of failure madcs which prevent maintaining full thrust
or cwcrgency miscion minimus thrust
No, of failuve modes which prevent full thrust but energency
mission theust levels are possible

Permits Dual Puwp

Pernits Singie Pusp Omly
No, of failure modes which permit full thrust

Perwits Dual Puwp

Permits Single Puwp Only

Ewnclosure (1)
7850:M0283

o3

43
414

12
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Enclosure (4)

7850:M0283
CRITICAL FAIL E EXPLANATIONS
Failures Resulting in Complete Loss of Thrust
1. Thrust nulling valves prematurely open - electronics must be

fail safe.
2. SSKYV fails io open - low probability of failu. ., no redundancy.

3. Pneumatic system tank shut-off valves fail to open - parallel
redundant paths provided.

4. Pneumatic system ™SOV isolation valves fail to open - parallel
redundancy provided.

5. Pneumatic system SSCV isolation valves fail to open - parallel
redundant paths provided.

Failures Permitting Single Pump Reduced Thrust Only

1. TBV-2 {ails to close - second order failure. Failure to isolate
a failed pump leg.

2. Pneumatic system dome check valves fail to open (2 each) - low
probability of failure.

Failures Permitting Single Pump at Full Thrust

1thru 11, Eleven failures associated with pump feed components for
which parallel leg redundancy is provided.

12, Turbine 1nlet line leakage which can be isolated and a parallel
path is provided.

517/



MEMORANDUM

TO: L. A. Shurley DATE: 2 October 1969
7850:M0291

FROM: R. D. Zonge

SUBJECT: Reliability Input to Skirt Extension Trade Study

COPIES TO: J. J. Becreboom, H. ). Bronner, W. M. Bryan,

D. Buder, J. W. Conant, D. S. Duncan, C. W. Funk,
G. S. Kaveney, J. L. Klacking, I. L. Odgers,

B. Mandell, E. A. Sheridan, E. M. Takumori,

E. J. West, 7850 Personnel

NTO: W. H. Bushnell

ENCLOSURE: (1) Preliminary Reliability Comparison of Gas Tooled,
Cryogenically Cooled, and AG Carb Skirt Extension
Concepts

A preliminary reliability comparison of the present gas cooled, cryogeni-
cally cooled, and AG Carb skirt extension concepts has been completed and is
transmitted herewith as the Reliability input to the skirt extension trade studcy.
A coidensed version of the comparison was given to Design Engineering for DEI
presentation.

The comparison is based on FMAs of the gas cooled {P/N 1136173), cryogeni-
cally cooled (P/N 1136165 aluminum tube bundle), and AG Carb (Drawing #i136077
plus an external stiffening structire such as Intremold added), extensions. In
addition, it was necessary to assume that all necessary fabrication development
had been completed and an acceptable izbrication process had been adopted for
each concept. If such an assumption had not been made, neither AG Carb nor
the cryogenically cooled concepts could have been considered in their present
form (Drawing No's 1136077, and 1136165, respectively).

The AG Carb extension needs a stiffening structure, such as iatremold, to
prevent failure duriag firing from vibration or '"flutter'. There is also a high
probability of fabrication anomalies in the critical flange area. Changes in fabric
ply orientation during cure which are almost certain to occur, based on experience
with large high-silica tape wrapped parts for the 100 and 260 inch solid rockets,
could change the controlling failure mode from tension parallel to the plies to
interlaminar shear, peel, or tension perpendicular to the plies. Material tensile
strength parallel to the plies is roughly ten times its strength in the other
directions. In the case of the large solids mentioned above, the tape wrapped
structures were cnclosed in metal (solid or honeycomb) cans which were the
actual load carrying structures. Consequently, considerable development work
will be necessary to demonstrate if and how an acceptable component can be
fabricated. Although AGC experience has been primarily with tape wrapped
components, the 'shingle lap'" and '"rosette' lay-up methods offer some advan-
tages and should also be considered.
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L. A. Shurley -2 - 2 October 1969
7850:M0291

Also, fabrication experience with the aluminum iube bundle (cryogenically
couvled) concept has been very meager. The Able-O combustion chamber was
an aluminum tube bundle, but the tubes were relatively heavy walled, and the
structurz was all welded. Welding, as a method of joining the proposed thin-
walled tubes is ccensidered impractical because of the extremely high probability
of undercutting or burning through the tube walls. Almost all aluminum brazing
to date has been confined to small parts done in molten salt baths. The size of
the NERVA extension and the cleaning problems associated with the use of molten
salt make brazing an impractical tube joining method. It is realized that other
tube configurations which could be joined satisfactorily are under consideration,

but develogment programs to determine the optimum configuration and assembly
proccdure will be required.

On the other hand, brazing has been proven to be a reliable method of
Joining a stainless steel tube bundle on the Titan family and other competitive
programs, and no new fabrication problems are anticipated. Some investigation
into the optimum tube-to-flange joint will probably bte required.

With the above-mentioned assumption in mind, the "one-zero' method
was used to rate the three concepts con various failure modes, and thus arrive
at a preliminary quantitative comparison of reliability. As can be seen, the
preliminary ratings are such that all three concepts must be considered as being
essentially equal from a reliability standpoint at present.

In order to conduct a more detailed comparison, thermal and stress
analyses of the three concepts must be conducted, particularly of the skirt-to-
skirt extension joint {(forward flange) area, and the primary stresses must be
defined. Stresses and material strengths can then be compared and a more
realistic comparison derived. The FMAs for the three concepts and the relia-
bility ccmpariscen will be revised as new information becomes available.

Fl) e

R. D. Zonge

Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CATEGORY
UNCLASSIFIED 7.3
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MEMORANDUNM

TO: L. D. Johnson . DATE: 9 October 1969

7850:M0299
FROM: R. D. Zonge
SUBJECT: Reliability Evaluation of Three SSCV Concepts
COPIES TO: W. M. Bryan, J. F. Mason, J. H. Ramsthaler,

J. C. Toboni, E. J. West, Section 7850 Personnel

ENCLOSURE: (1) Fur:tional Descriptions and Sketches of Three
SSCV Concepts

(2) Procedure for Estimating Relative Reliabilities
(3) "One-Zero" Method of Design Selection
INTRODUCTION

This analysis was performed to establish which of the three proposed SSCV
concepts was inherently most reliable and, therefore, should be developed
for eventual inclusion into the NERVA Program. Specific reliability
values were not determined.

The support structure coolant valve proportions a flow of approximately

21 1b/sec of LH., between the stem coolant line and a by-pass. All three
valves have been designed so that flow to neither stems nor by-pass can be
shutoff. The critical mode of failure of this compoment is to provide an
improper proportion of coolant to the stems.

A functional description and a sketch of each concept are included as
Enclosure (1).

SUMMARY

Relative reliability rankings of the three support structure coolant valve
design concepts were determined. The wethods used were: 1) a summation of
the relative failure rates using the FMA's developed by Design Enginecring,
and 2) a “"one-zero" relative rating of the three concepts on 15 general
criteria. Both mcthods ranked the concepts in the following order of
reliability preference:

1. Ball Valve
2. Flodi Valve
3. Rotary Blade Valve

RECOMMENDATIONS

1. Comparing the results of both ratings,it can be scen that the valves
are ranked in the same order by both analyses. It is recommended that
both the ball and “"Flodi" valves be constdercd for further developoent.

T ——————Y T T wim m e =y g iy i ver— = 8 5 P



L. D. Johnson -2- 7850:M0499"

2. The "cylinder-sphere" failure mechanism of the ball valve could be
eliminated by omitting the cylindrical sleeve welded into the ball.
Either a ball with a straight through bore, or one partially hollowed
out similar to the Apollo ball, could be used.

3. The dynamic seal at the by-pass outlet should be eliminated as it
serves no purpose.

4. The LH, inlet on the "Flodi" valve could be cut off to permit removal
of the inlet housing from the valve without removing the valve from
the engine assembly (refer to note in Table II).

ANALYSIS

Design Engineering generated FMA's for each concept and rated each failure
mechanism with the procedure of Enclosure (2). The failure mechanisms and
their corresponding ratings were reviewed by Reliability, and where necessary,
discussions were held with Design Engineering to produce a mutually agreeable
FMA for each valve concept. A tabulation of the failure mechanisms for each
concept and their relative "failure rate potentials" is given in Table I.

Fifteen design criteria were selected for comparison of the three valve
concepts, and the "one-zero" method of determining relative reliabilities

wvas applied in accordance with the procedure of Enclosure (3). Table II lists
the criteria and the resuvlitant numerical ratings as agreed to by Design
Engineering and Reliability.

ol Zorpe

R. D. Zonge

Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations
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TABLE 1
FATILURE SUMMARY
ROTARY
BLADE FLODI BALL
“Failure "Failure “Failure
“Mode" Rate" Rate" Rate"
Inlet Housing Failure 2.20 2,15 -
Qutlet Housing Failure 2.20 2.65 1.80
Leaks ~ Hsg to Hsg Joirn. 1.63 1.63 1.63
Leaks -~ Joint 2.50 4.10 4.40
Binding - Inlet Hsg Buckles 1.60 1.90 -
Binding - Outlet Hsg Buckles 1.60 2.10 1.95
Failure - Blade, Ball, Cone 1.70 2,10 2.40
Brg. Fail - Blade, Ball, Cone 1.80 1.70 1.73
Bearing Failure 2.05 - 1.80
Binding - Shaft Seal 2.80 2.80 -
Leaks - Shaft Seal 2,57 3.07 -
Bearing Retainer Failure 1.00 - 1.00
Fail Actuator Coupling 1.40 2.00 -
Fail Cover - - 1.95
Fail Center Bolt 1.15 - -
Fail Center Bolt Seal 5.20 - -
Fail Actuator Bearing 1.55 - -
Fail Actuator Gear 2.05 - -
Fail Actuator Brg. Retainer 1.00 - -
Fail Shaft Seal Retainer 1.00 - -
Fail Hsg. Actuator Joint - 1.20 -
Outlet Housing Deflection - 1.60 -
Inlet Housing Deflection - 1.60 -
Cone Deflection - 1.80 -
Cylinder - Sphere Failure - - 2,18
Binding Sphere - - 3.88
TOTALS: 37.00 32.40 24.72
Design Preference Third Second First
575



TABLE 1T

CONCEPT 1 2 3
DESCRIPTION BLADE “FLODI" BALL
DESIGN
CRITERIA COMBINATION 123 123 123
1. General Compexity 00 1 1 10
2. Fabrication Difficulties 11 o 1 00
3. Seals & Leak Paths 00 1 0 11
4. Contamination Sensitivity 00 1 O 11
5. Number of Moving Parts 00 1 o0 11
6. Susceptibility to Rupture and/or 00 1 0 11
Pressure Induced Binding
7. Susceptibility to Thermal Stresq 00 1 O© 11
and/or Binding
8. Susceptibility to Wear 00 1 0 11
9. Torque Requirement oo 1 0 11
10. Tolerance Requirements 11 0o 1 00
11. Failure Position - - -
12. Improper Assembly 00 1 1 10
13. Ease of Maintenance 00 1* 0 11
14. Control Sensitivity 11 0 1 00
15. Vibration Sensitivity 00 1 0 11
TOTALS 6 16 20
PREFERENCE Third Second First
- ”,
). w/

None

*Clip
inlet t«
permit
in place



ENCLOSURE (1)
7850:M0299

CONCEPT #1 - ROTARY BLADE

A disc with various sizes and shapes of apertures is rotated between
two relatively flat circular housing halves. One half contains the LH2
inlet, which is positioned off center, and the other includes the coolant
and by-pass outlets with the coolant outlet positioned on the same center
line as the LH2 inlet.

Apportionment of flow is accomplished by rotating the disc to pocition
the appropriate apertures in front of the coolant and by-pass outlets. Two
spur gears are used to rotate the disc. Mechanical stops are provided to
limit disc rotation within desired extremes,

Most probable mode of failure is binding of the disc due to warpage or
distortion or freezing of the bearings. Failure of the valve with the disc

in any position will allow some coolant flow since the coolant outlet port

is never blocked.

23
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ENCLOSURE (1)
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ENCLOSURE (1)
7850:M0299

TSP e e 1 s g

CONCEPT #2 - FLODI VALVE

A conical member containing a2 number of various sizes and shapes of
apertures through the wall is rotated within a conical housing which
contains the LH2 inlet and the coolant and by-pass oputlets. The LHZ
inlet is in the housing cover with the coolant outlet located on the same
centerline.

Apportionment of flow is accomplished by rotating the movable cone to
position the appropriite apertures in-frott of the coolant and by-pass
outlets. The small diameter of the cone is extended into a shaft through
which the rotation of the actuator is transmitted.

Most probable mode of failure is binding of the movable cone. Failure

of the valve with the movable cone in any position will allow some coolant

flow since the coolant outlet port is never blocked.
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ENCLOSURE (1)
7850:M0299

CONCEPT #3 ~ BALL VALVE

A ball with a bore through it is rotated within a housing containing
the LH2 inlet and the coolant and by-pass outlets. The LH2 inlet and
coolant outlet are positioned on the same center line.

Apportionment is accomplished by rotating the bs'l about an axis
perpendicular to the bore and inlét and outlet cente 1ines.

Most probable mode of failure is binding of the ball due to freezing
of the bearings during initial cooldown or deflection of shafts during
partially closed operations. Failure of the valve with the ball in any
position will allow coolant flow. The ball contains a circumferential groove
in a location such that LHZ flows around the groove and into the coolant

outlet when the bore is positioned to direct .full flow to the by-pass outlet.
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ENCLOSURE (2)
7850:M0245

FROCEDUKY FOR ESTIMATING RELATIVE RELIABILITY

This is a methoa of establishing the relative reliability of each
prcposed design concept of a meechanical component during the conceptual design
phase. It qualifies and combines the judgements of Design and Reliability
engineers into a single value so as to provide a reliability criterion for
design seclection.

The method requires that a failure mode analysis be conducted on each
candidate design by a qualified design engineer. In performing the analysis, the
engineer takes into consideration all environments and operating conditions
encountered during the life c&cle of the component, and tates eacnh failure mode
on its failure potcntial in accordance with the table below. 1In the table, the
alpha character designates the success potential of the design in decreasing
magnitude from A through D, and the aumerical designation indicates the degree
of discovery and control through inspection or test mcthods. The degree of
controllability is indicated by the numeric designato. which decreases ir magnitude
from 1 through 4. The individual potentials for failure are then combines into
a single rating.

The rating of a component obtained by this method is of value only in relation
to similar ratings of other design concepts for the same component where the
analysis has been carried to the same detail level. 1t is best for an irdividual

analyst to rate all concepts of a design to assess relative success or failure

potential,
"FAILURE RATE POTENTIAL" VALUES
CONTROL RATING

1 2 3 4

DESIGN A 1 2 3
RATING B 2 4 6 8
c 3 6 9 {12
D 4 8 {12 |16

Two or more analysts will generally rank the concepts in the same order, but will

not gencrally arrive at identical ratings for failure potential.

5.57
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ENCLOSURE (3)
7850:M0299

"ONE-ZFRO" METHOD OF ESTIMATING RELATIVE RELIABILITY

This is a method of comparing the réiative merits of a number of similar
concepts in regard to a common characteristic. As an estimate of relative
reliability, it combines the judgement of Design and Reliability Engineering
and results in a numerical comparison of relative reliabilities.

The method requires the selection of a number of criteria affecting the
reliability (or other characteristic to be compared) of the concepts involved.
All essential criteria should be inciqded. Each candidate concept is then
compared with each other concept in respect to each critwrion. Only two concepts
are compared in respect to one criterion at a time. The better concept is given
a one (1), and the cther a zero, regardless of the degree of superiority of
one over the other., In cases of an absolute tie, e.g., the criterion couid be
"number of joints that cculd leak externally”, and the two concepts being
compared had the same number,siz, and type of joints, each could he given a
rating of 0.5. However, in almost all cas2s a decision should be forced.

When each concept has been compared with each other concept in respect to
all criteria the total ratings will indicate the relative merits of the concepts.
The concept with the most "o»es'" and therefore the highest rating being the

most desirable.
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MEMORANDUM

TO: L. D. Johnson DATE: 22 October (969
7850:M0311

FROM: J. E. Jensen

SUBJECT: Reliability Evaluation of Three Turbine Block

Valve (TBV) Concepts

COPIES TO: J. J. Beereboom, W. M. Bryan, D. Buden,
J. M. Klacking, B. Mandell, J. F, Mason,
J. H. Ramsthaler, E. A. Sheridan, J. C. Toboni,
E. J. West, 7850 Personnel
NTO: W. H. Bushnell

REFERENCES: (a) Butterfly TBV, P/N 1136745
(b) Gate TBV, P/N 1136827
(c) Poppet TBV, P/N 1136682

ENCLOSURES: (1) Faunctional Descrip:isu and Sketches of Three
TBV Concepts
(2) Procedure for Estima.ing Relative Reliabilities
{3) One-Zero Method of Design Selection

Introduction

A rcliability analysis was made of three proposed TBV configurations.
They are schematically presented in Figures 1 through 3. The purpose of
this analysis was to make a reliability comparison to establish which of the
threce TBV concepts was inherently most reliable and to provide input for the
turbine feed system trade studies. The evaluation was based on the blocking
ability of the valves only, since the actuation mechanism (pneumatic or
electrical) has not been clearly defined.

The TBV blocks flow to the turbine inlet during prz-conditioning and
engine ccoldown and is open during normal operation of startup, steady state
and shutdown. In addition, they provide for a rapid shutoff capability of the
turbine drive gases isolating the turbine of a failed TPA. Critical failure
modes of the component are: 1) premature closing, 2) failure to close within
the required time, or 3) failure to open.

A functional description and a sketch of each concept are included as
Enclosure (1).

Summarx

The relative reliability rankings of the three turbine block valve concepts
were determined. The methods used were: 1) 2 summation of the relative
failure rates using modified FMAs developed by Design Engineering, and
2) a '"one-zero' relative rating of the three concepts on 14 general criteria.

The first method ranked the valves in the following order: 1) poppet, 2) butterfiy,
3) gate; and the "one-zero' method ranked the concepts as follows: 1) butterfly,

2) poppet, and 3) gate.
3.87
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L. ii. Johnson -2 - 22 October 1969
TRS50:MO0311

Recommendations

1. Comparing the results of buth reliability ratings revealed, the two
most prefcrable concepts were the pcpn~ and butterfly. It is therefore
recommended that both the poppet and butterfly concepts be considered for
turtner development.

. The poppet valve should be designed with a snuboing device to slow
tiie poppet travel just before making contact with the seat.

Ana.l!'sxs

Design Engincering generated FMAs for each turbine block valve concept
and rated each failurc mechanism in accordance with the proced..re of Enclo-
surc (2). Howcver, the FMAs were generated for pneumatically actuated valves
and those temperature-pressure characteristics rzquired by the NERVA Hot
Bleed Engine system. NRO has since been directed to design all valves with an
electrical actuation mechanism. In addition, the NERVA Full Flow Engine
concept was selected for dcvelopment which significantly decrcases th tempera-
ture of the turbine drive gas but ulso requires significant increase in pressure.
It was therefore necessary to modify the FMAs per the new criteria. A tabula-
tion of the like piece parts and their relative "failure rate potentials' is given
in Table I.

The "one-zero' method of determining the relative reliabilities were
applied to 14 design criteria in accordance with the procedure of Enclosure (3).
Table I lists the design criteria and the relative ratings.
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Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations
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Table I1

7850:M0311
TABLE 11
ONE-ZERO RELATIVE RELIABILITY
Concept ! 1 2 3 1

Design Description | Biterfly | Poppet Gate

Criteria Combination lvs2 lvs3i2vsl 2vs33vsl 3vs2.
i. General Complexity ;0 01 0 I 1 1
<. Fabrication Difficulties j 1 1 G 1 0 0
i. External Leakage : 0 1 1 .5 0 .5
1. Internal Leakage '.5 1 5 .5 0 .5
5.  Number Moving Parts i 0 0ot'!1 .5 1 .5
6. Susceptibility to Rupture

and/or Pressure Induced

Binding 1 1 0 1 0 0
7. Susceptibility to Wcear . | 1 0 0o o 1
8. Torque Requirement , 1 1 0 1 0 0
9. Tolerance Requirements 1 1 0 1 0 0
10. Failure Position .5 1 !.5 1 0 0
lI. Improper Assembly 0 0 1 .5 1 .5
12. Ease of Maintenance 0 0 !1 0 1 1
13. Contamination Sensitivity 1 1 0 .5 0 .5
14. Vibration Sensitivity 0 01 1 1 0

i
Total l 16 15.5 10.5




. Enclosure (1)
7850:M0311

CONCEPT #1 - BUTTERFLY

A butterfly disk rotated and supported on a one-piece shaft with
a pinion gear located on the upper end. The shaft is tilted off perpendicular
from flow approximately 15 degrees and pacses completely through the
flow passage. The : haft and butterfly is supported by two radial and one
thrust bearing.

The valve is designed to previde binary flow controi of the turbine

drive gases and requires a rapid closing response.

The main seal (metal-to-metal) is provided by piston rings inserted

into the butterfly disk contacting the interior surface of the bore.
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Euclosure (1)
7850:M0311

CONCEPT #2 - POPPET

A linear motion poppet provides binary control of the turbine
drive gases. The poppet and actuation mechanisn: ‘s located in one leg
of a "T" shaped housing. The poppet in the closed position blocks the
outlet of the "L" shaped flow path. Simplicity is one of the virtues of

this design as 1t 15 made up of only six major parts.

The main seal is provided by metal-to-metal contact of poppet
seating against upstream edge of the housing outlet.
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Enclosure (1) :
7850:M0311

CONCEPT #3 - GATE

A circular wedge shaped gate attached by a monoball and pin
to a linear motion shaft. The disk has a sliding guide on each side to

provide the proper positioning of the gate during actuation and seating.
The miin seal is provided by sliding the gate perpendicular to

the flow inty a wedge shaped slot in the housing bore. This is a metal-

to-metal seal.
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7850:M0311
PROCESURY TOR ESTIMATING RELATTVE RELIABILITY

This is a methed of establishing the relative 1eliability of each
propused derlgn coucept of a moechanical corponent during the conceptual design
phaace T qualifics and cowbiues the jodgeaeats of Design and Reliabilivy
ontlavers into s single value so as to provide a reliubolity criterion for
desipn selection.

The wethod vcquives that 2 failure mode analysic be corducted op each
candidate design by a qualified design engineer. In performing the analysis, the
enginecr takes inte consideration all envirrumertc and operating conditions
encountered durivyg the life cycle of the component, and rates each failuve mode
on its failure potential in accordance with the table below. In the toble, the
11plia chavacter desipnates the success potential of the design in decveasing
magrituwdc frowm A threagh D, and the unuwerleal designation indicates the degved

of divcovery and control throogh inerection or test methods. The degree of

coatroeilubilivy is iadicated by the numeric designator viich decreases in magnitude

from 1 throush 4, 9le individual potentials for failure are then cenbizad into

a single reding.,

The rating of a componcnt obtained by this method is of value caly in ralatien

o similar ratings of other design concepts for the same compznent where the
annlysis has been carried to the same detail level. It is best for an individusl
analyst to rate all concepls of a design to assess i1elotive success or failu.e

potenticl,
“FATTURT. RATE POTENTIAL" VAIVES

.. CONTROL _RATING
i

__ e bs ta
DESIGN A ; \. 2 3 4
RATING B 2 4 6 8
) 1169 |
)] L, 8 12 16

Two or more analysts will genorally rank the concepts in the same order, butr will

vot. generally arrive at Ideatical ratings for failuve potential.
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Enclosure (2)
7850:M0311

"ONE-ZERO" METHOD OF ESTIMATING RELATIVE RELIABILITY

This is a method of comparing the rclative merits of a number of simiiar
concepts ia regard to a common characteristic. As an estimate of relative
reliability, it combines the judgement of Design and Reliability Engirecering
and vesulis in a nunerical cosparison of relative reliabilities.

The method requires the selection of a number of criteria affecting the
reliabiliry (or other characteristic tc be compared) of the concepts invelved.
All esserntial criteria should be included. Eachk candidate concept is then
compared wiib each other concept in respect to each criterion. Only two corcepts
are compavced in respect to onc criterion at a time. The better conc>pt is given
a one (i), ant the other a zero, regardless of the degree of superiority of
one over (he other. Im cases of an absolute tie, e.g., the critcrion could be
"numb--r 01 jJoints that could leak externally™, anc the two concepts bLeing
voaparad i the sase inmber,siz, and type of joinis, cach roulc be given a
reting of 6.5, MHowever, in almost all cases a derision havld be forecd.

Wien cach concept s bzen cowpared with each othor concept in respect to
all criczeria the wotal ratings will indicate the rclative merits of the concepts.
The: concep! vith tin wost "ones™ zad therefore the highest rating being the

wost acsircble.
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MEMORANDUM

TO: L. D. Johnson DATE: 23 October 1969
7850:M0312

FROM: R. D. Zonge

SUBJECT: Reliability Evaluation of Three PSOV Concepts

COPIES TO: J. J. Beereboom, W. M. Bryan, D. Buden, J. F. Mason,

B. Mandell, J. M. Klacking, F. R. Pecoraro,
J. H. Ramsthaler, E. A, Sheridan, J. H. Ramsthaler
NTO: W. H. Bushnell

ENCLOSURES: (1) Functional Descriptions and Sketches of Three
PSOV Concepts
(2) Procedure for Estimating Relative Reliabilities
(3) 'One-Zero'" Method of Design Selection

Introduction

This analysis was performed to establish which of the three proposed
PSOV concepts was inherently more reliable and therefore should be developed
for eventual inclusion into the NERVA program. Specific reliability values
were not determined.

The propellant shutoff is an on-off valve with allowable opening and
closing times of three seconds. It is opened to allow flow of liquid hydrogen
propellant to the TPA dur.ng the engine firing sequence (from prestart throuvgh
pump tailoff) and closed at all other times to prevent loss of LH2 from the
main propeilant tank. Critical modes of failure are: failure to open on com-
mand, inadvertent closing, and excess internal leakage.

A functional description and sketch of each concept is included as
Enclosure (1). It is realized that the concepts reviewed were pneumatically
actuated, and that the actuating mechanism will be changed to electrically
powered systems. This change is expected to have very little, if any, effect
on the reliability of the ball and flapper concepts. The relative reliability of
the poppet, however, is expected to decrease because of the increased com-
plexity of the electrical actuating mechanism.

Qummarx

Relative reliability rankings of the three propellant shutoff valve concepts
were determined. The methods used were a summation of the relative failure
rates using the FMAs developed by Design Engineering, and a "one-zero"
relative rating, Enclosure (3), of the three concepts on 15 general criteria.
Tables 1 and Il present the results of these methods. Both methods ranked the
poppet as the concept with the highkest relative reliability.

S22/
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L. D. Johnson -2 - 23 October 1969
7850:M0312

Recommendations

1. From the results of both rating methods, it can be seen that the
poppet concept has the highest relative reliability rating. The relative ranking
of the other two concepts, however, differed in the two methods. It is recom-
mended that all concepts be included in a redesign for electrical actuation,
particularly since the electrical system is expected to adversely affect the
reliability of the poppet concept.

2. It is strongly recommended that one engineer do the failure mode
analyses for all concepts of one valve design. In this case, one engineer did
the FMAs for the poppet and ball concepts, and another the flapper. A compari-
son of the anticipated failure rates of the three concepts (Table I) shows
consistently hizher rates for the flapper concept than the other two. This
difference in evaluation is to be expected from person to persoun, and is the
reason for the above recommendations.

3. If possible, a means of self-centering of the flapper on its seat
should be incorporated into that concept.

4. In view of the preseantly proposed long coast periods, the considera-
tion of plastic seats is recommended.

Analzsis

Design Engineering generated FMAs for each concept and rated each
failure mechanism with an alpha numerical ccde in accordance with the
procedure of Enclosure (2). All failure modes pertairing to the method of
actuation were disregarded because of the forthcoming change to electrical
actuation. Also, no attempt was made to coordinate the FMAs and ratings
between Reliability and Design Engineering because new FMAs will be generated
for the electrically actuated concepts, and it is hoped that one design engineer
will generate the FMAs for all concepts. Under the above conditions, the
ranking of the poppet concept as having the highest relative rcliability of the
three concepts is valid, but the relative ranking of the flapper and ball concepts
is questionable. i

Fifteen design criteria were selected for comparison of the three valve
concepts, and the 'one-zero' method of determining relative reliability was
applied in accordance with Enclosure (3). Table II lists the criteria and the '
resultant numerical ratings as agreed to by Design and Reliability.

R. D. Zonge

Reliability

Reliability & Safety Analysis Seclion
Nuclear Rocket Operations
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FAILURE MODE

Housing Failure
Bearing Failure
Poppet Failure

Upper Flange cailure
Lower Flange Failure
Spring Failure
Flapper Failure

Shaft Failure
Retainer Failure

Key Failure

Main Shaft Seal Failure
Inlet Flange Failure
Main Seal Failure
Ball Failure

Flange Plate Failure (2)

TOTALS

e e

TABLE 1

FAILURE MODE SUMMARY

Table 1
7850:M0312

FAILURE RATES

Poppet

2.55

2.55
2.20
2.35
2.80

12.45

Ball

3.20
3.80

2.80
2.25
1.90
3.90

17.85

Wi immy nuimw R g e p———

5.193
4.195
2.10

3.055

1.90

26.908
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DESIGN CRITERIA

10.
1.
12.

13.

14.

15.

16.

TABLE 11

Concept No.
Description

General Complexity
Number of Moving Parts
Fabrication Problems
Torque Requirements
Tolerance Requirements
Improper Assembly
Susceptibility to Wear
Ease of Maintenance
Vibration Sensitivity
Contamination Sensitivity
External Leakage
Internal Leakage

Susceptibility to Rupture
and/or Buckling

Susceptibility to Thermal
Stress

Susceptibility to Binding
Ability to Seal Against Reverse
Flow at TPA Discharge Pressure

(None presently designed for this
occurrence)

“OTALS

- ekl w

Combination

Poppet

v8 V§

|

1
2
1

1

1
3
1
1

25

3.0«

Table 11
7850:M0312
2 3
Ball Flapper
2 2 3 3
vs vs VS Vs
1 3 1 2
0 0 01
0 1 00
0 0 01
1 1 00
0 00
0 | 00
0 0 01
1 0 11
0 0 01
0 1 00
0 0 01
0 1 00
0 0 01
0 0 01
1 1 1 0
1 1 1 0
12 1

al



Enclosure (1)
7850:M0312
Page )

CONCEPT #1 - POPPET VALVE

A simple poppet design similar to a check valve in reverse.
It open against tank pressure and closes with it. The most probable
mode of failure, based on past experience with the XE engine, is
internal leakage.

3.8
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Enclosure (1)
7850:M0312
Page 2




Enclosure (1)
7850:M0312
Page 3

CONCEPT #2 - BALL VALVE

The "ball" in this valve is a spherical sequent which closes one end
of a cylinder. The cylinder is supported and rotated about trunions mounted
perpendicular to the cylindrical section axis. Also perpendicular to the
axis of the cylinder and the trunions, two holes through the cylinder walls
provide the propellant passage when the valve is opened. Sealing in the
closed position is accomplished through contact between the spherical seg-
ment and a circular flexible seal. The surfaces of the seal and "ball" are

in rubbing contact during opening and closing.

The most probable mode of failure is expected to be internal leakage.

3./02
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Enclosure (1)
7850:M0312
Page 5

CONCEPT #3 - FLAPPER VALVE

Sealing in this valve is accomplished by a roughly round
disc (“flapper') against a mating seat. The valve is opened by
rotating the disc 90° around a shaft attached to one side. The
valve opens against tank pressure and closes with it. The most

probable mode of failure is expected to be internal leakage.

£/07

T s A e B e ek ik s bk i et b v




— = e mmen s

Eunclosure (1)
TR50:7M0312
Page 6

éréwc'e/.a/ .9". /70//17— Wihe

R \ -
L—-—r- e — F _'._"' ____._._4.'.‘_‘?111.;.]

L e e e e e ——

O ———— 1



[ S

TO:

FROM:
SUBJECT:
COPIES TO:

REFERENCES:

MEMORANDUM
P. P. Ventura DATE: 30 October 1969
7850:M0318
W. M, Bryan

Reliability Review of Hot Bleed Engine Trade Studies

J.J. Beereboom, D. Buden, D.S. Duncan, R.V. Evleth,
R.B. Glasscock, L.D. Johanson, J.M. Klacking,

B. Mandell, I.L. Odgers, J.H. Ramsthaler, E.A. Sheridan,
E.J. West, 7850 Personnel

NTO: W. H. Bushnell

(a) Memo 7010:124, dtd 10-16-69, P. P. Ventura to
Distribution, Suhbject: Transmittal of Data Items
S-054-009 and -005

(b) Trade Study Report - Structural Support Coolant
Subsystem (SSCSS), dtd Sept. 69, Data Item S-054-007

(c) Memo, 7010:127, dtd 10-20-69, P. P. Ventura to
Distribution, Subject: Transmittal of Data Item
S§-054-012

The referenced trade studies have been reviewed by Reliability and the
following comments are submitted per your request:

a. Throttling Startup and Shutdown, Reference (a): Reliability assump-
tions are adequate for this study.

b. Structural Support Coolant, Reference (b): Section V.D., paragraph
three, should be revised as follows:

""Concern for the single failure mod= led to an investigation of SSCV
reliability based on estimated valve and actuator failure rates. Results of the
study indicaied that unless the SSCV can be made an order of magnitude more
reliable than is now estimated, a single SSCV actuator would have a 10 cycle
mission reliability of 0.9985, a single SCV with redundant actuators would have
a reliability of 0.99925, and any of three redundant SSCV actuator assembly
systems would have a reliability of 0.99997. The absolute accuracy of these
reliability estimates may be questioned, but it is obvious that to achieve the
NERVA engine mission reliability goal of 0.995 a redundant SSCV system is
required. It is therefore recommended that a redundant SSCV system be used.

CLASSIFICATION CATFGORY

o ad
w:m 0 [L o T

W. M, ?rya.n, Supervisor 3 L2 7/
Reliability

Reliability & Safety Analysis Section

.- MR i i wits n A o it '

Nuclear Rocket Operations
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MEMORANDUM

TO: P. P. Ventura DATE: 31 October 1969
7850:M0321
rOM: J. H. Ramsthaler
SUBJECY: Safety and Reliability Analysis Review of
Trade Study S$-054-012
COPIES TO: J. J. Beereboom, W. E. Campbell, B. Mandell,
J. M. Klacking, C. F. Leyse, D. F. Vanica,
Section 7850 Personnel
REFERENCE: (a) Memo 7010:127, P. P. Ventura to Distribution,

Subject: Final NRO Review of Propellant
Feed System Data Item S-054-012, dated
20 October 1969

(b) Memo 7850:M0105, D. S. Duncan to Distribution,
Subject: Safety Requirements Applicable to
Current Design and Tradz Studies, 25 March 1969

A preliminary review has been made of trade study S~054-012 per your request
in Refercence (a). The following summarizes the review:

A

RELTABILITY

The reliability analyses appear very good. However, because of the
limited time available for review of this detailed study it is not
possible to concur or disagree with the conclusions.

To obtain effcctive Reliability input into studies such as this, the
review must be initiated prior to the time the report is in final print.
The normal progression should be to initiate the reliability review

of concepts as they are undergoing engineering analysis. Documentation
can be provided to the trade study engineer to be used similar to other
engincering input. The final Reliability review can then be accomplished
quickly with the initial studies having already been accomplished.

SAFETY

The safety analyses in this report are not satisfactory. The studies
consider crew safety, but do not analyze safe disposal of the engine
an equally important item. Crew safety is assessed numerically by
assuming the crew is safe if no failures occur or if only one leg of a
redundant system fails.

Parametric studies are conducted on the casc of one failure in a redundant
leg assuming the engine must complete the burn in process and .n alternate
recovery mode is availlable at the completion of the burn. The burn at
which the alternate recovery can be effected is incremented from O to 10
using the synthetic reliability mission to determine changes in crew safety
prohability, :

None of the above assumptions are valid for crew safcty analysis. Any

2,7/ -
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failure or combination of failures which abort a mission during a
burn do not neccssarily cause an unsafe crcw condition. 1If the
failures do not directly harm the crew or damage the spacecraft

the crew may be separated from the failed engine and safely returned
depending on mission location at the time of failure. It is, there-
fore, necessary to conduct safety studies using defined missions.

There is no ground rule that an automatic abort is initiated with the
failure of one component in a redundant system. Again this depends on
position and if an abort were deemed advisable the engine would be
returned to the emergency mission for completion of the burn for crew
recovery.

The svbject report did not address itself to changes in the number of
single fajlurc wodes in the vairious configurations. These are very
important in safety analysis since safety takes the position that while
probabilistic reliability analysis is a good decision making tool the
failure rates are not absolute. If a system is redundant there is time
to take corrective action for safety. There is no corrective action
time for a single point failure and these must be itemized in detail
and the number of these compared between the various candidates.

A more detailed discussion of safety as it applies to engine design
and the trade study activities is presented in Reference (b).

RECOMMENDAT JONS

Because of the aforementioned probleiss with the safety write-up, it is
recommended that all references to safety be removed from this trade study.

1t does not appear worthwhile to spend the additional t.me to prepare a new
safety analysis, and it is recommended the report be issued as a non-management
approved study. It is not felt management approval should be given to this
trade study without a thorough safety analysis.

Uil

H. Ramsthaler, Manager
Reliability & Safety Analysis Section
Nuclear Rocket Operations
APPROVED:

R ﬂwu/
J.fJ. Beereboom, Manager

Systems Department .

Niclear Rocket Operations ‘
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SUBJECT:

COPIES 10

REFERENCES:

ENC LOSURE:

MEMORAXNDUNM

R. A, Henderson DATE: 7 November 1969

7850:M0328

C. T. Lang

Reliability Input to Trade Study #1001

J. J. Becreboom, W. M, Bryan, B. Mandell,
J. H. Ramsthaler, S. A. Varg~, Section 7850

{a)

(b)

(c)

(d)

(1)

Memo 7850-MO0213, dtd 7-24.69, K. E. Lavond to
R. A. Henderson, Subject: Acceptance Test
Reliabili’ - Assessment

Memo 7810:1776M, dtd 9-3-69, R. A. Henderson
to S. A. Varga, Subject: Acceptance Test Trade
Study #1001, Status of

Memo 9670:TS104R, td 10-15-65, A. J. Mihanovich
to R. F. O'Ncil, Subject: Titan 1IIB, Contract
AF 04(695)-730, Evaluation of a V. E. Project to
Detcrmine the Effect on System Reliability of
Dcarcasing Engine Acceptance Testing

Keport #9947-IR-TE-37, dtd 7-22-65, Subject:
Titan 'l Engine Reliability Risk Versus Test
Duration, Contract AF 04(607)-9947

Preliminary Summary of NERVA Full Flow Engine
Comgoncat Failure Modes and Methods of Detection

L: response to Refevence (b), additional Reliability input to Trade Study
#1001 is provided. A revicw of acceptance test criteria was conducted on the
man-rated Apollo Service Propulsion System (SPS) engine. Components (valves,
injector, chamber and actuators) of this engzine underwent individual development,
qualification and acceptance testing. The injector, for example, (after develop-

ment and qualification tests) is hot-fir:d on a workhorse ablative thrust chamber

(=300 scconds) as a test to determine if the pattern causes any chamber streaking. .
It is subsequently hot-fired on an uncooled stecl chamber (== 5 tests of 5 secouds .

eack) to determine its performance (Isp}. The injector is then put on an cagine
which is hot-fired as an engine acceptance test. This engine, however, has a
workhorsc thrust chamber and biproscllant valve. After the engine acceptance

tes?, the cugine is disassembled, decontaminated and reassembled, using a new
(@ever fired on an engine) thrust chamber and bipropellant valve. During this
reasscibly process, rigorous inspection and QC coverage is provided. The
deliverable engine is also leak and functionally checked before customer accep-
tance. The first het-firing test of the thrust chamber and bipropellant valve will
be during subsequent flight. Due to the design of the SPS engine, a full duration
hot-firing acceptance test on the complete deliverable engine could considerably
degrade the system reliac . dity,
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R. A, Henderson -2 - 7 November 1949
7850:M0325

The Titan family of engines (Titaun II, 11, and Ccmiini), ran full duration
hot-firing acceptance tests uuul it was shown, References (c) and (d), that somc
hot - f;r;nn acceptance tests could be eliminated or truncated without eudangc.rmg
rclx.zlnht) . This avplicd to both the component and complete engine level.

A prceiiminary Failure Mode Arnalysis (FMA) was conducted on the NERVA
Fagine non-nuclear system to deterinine what failures could occur and also how
they could bLe detected., Enclosure (1) summarizes the results. A total of 34
failure modes was analyzed with the results that all but one of the failure modes
could be detected on the comporent acceptance test level or by functional, leak
aud coutinuity checks on the complete engine level, Based upoa previous engiac
programs. the nuclear engine design concept and the results of the FMAs con-
ducted to date, this analysis indicates that from a reliability standpoint for the
non-nuclcar subsystem, hot-firing accepiance testing of the complete system is :
unnecessary and probably undesirable. Therefore maximum effort should be .
placed on componeut and subsystem testing and verification and perform a mirni-
muwn number of activities at the cngine assembly level. Reliability recommends,
as per Reference (o), that performance of continuity, functional, and leak checks
as a total engine acceptance test procedurc. If power tests are essential for
performance determination, then Reliability prefers the first ranked plan below
in addition to the functional, coatinuity and leak checks.

Rank Description :
1. Conduct low-power cold flow to pressure loop closure. Poison )

wire reinse.tion not required.

-—cemy

2. Counduct powcered cold flew test to loop closure. Poison wire
reinscrtion not rcquired.

3. Counduct low-power cold flow to pressure loop closure only.
Remove nozzle to reinsert poison wires for shipment.

4. Conduct powcred cold flow tests to a level where temperature
and pressurc loops are closed. Remove nozzle to recinsert
poison wirces for shipment,

As the NERVA Engine design becomes more and more definitive, additionzal
rcliability input will be presented. The finalized engine will be analyzed on a
componcut-by-component basis. This detailed component FMA could be used to
detcrminc the effect of acceptance testing upon reliability.

Currently in process of preparatioa for the full flow NERVA Engine are
detailed Failure Maocd: Effects and Criticality Analyses (FMECA). This analysis
may revcal additional modes which are not detectable by means of functional type
testing only. It is planned to request a slmilar analysis from WANL. The
schedule for this task will be discussed in a coordination mecting planned for
13 November 1967,

B b g
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Reliability
CASSIFTING 0-HCtR DRI Rciiability & Safcty Analysis Section
N - Nuclear Rocket Operations
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PRELIMINARY SUMMARY OF

Enclosure (1)
7850:M0325

NERVA FULL FLOW ENGINE COMPONENT FAILURE MODES

Component

"A.

-PSOV, PDLY, BBV;
BCV, TNV TRV,
.~sscv,(ss’v.v} CSKV,
GSGV avic TDKV

B.

PDL, -PIL, FiL,

VALVES

v &
C/Y

LINES

FDL,-GSL, SSCL)

&eniy

C.

L.

ZLol

TPA

NOZZLE ASS'Y &

AND MET!IODS OF DETECTION

Mode of Failure

[
.

DNV WiV
L [ ]

nES®
. L]

13,
14.

SKIRT EXTENSION

1-
.z.
3.

PRESSURE VESSEL

& CLOSURF.

SRR S ¢ K e T

Failure to open
Failure to close
Fail in place
Premature opening
Prematurc closing
Slow closing

Fast opening

Fast closing

Slow opening

Fail in position
Internal leak
External leak
Reverse leakage
Excessive pressure drop

External leak
Excessive resistance
or pressure drop

Improper performance

Fail to start

External coolant leak
External hot gas leak
Internal coolant leak
Excessive pressure drop

External coolant leak
Coolant leakage to hot gas

Type of Test
Required to Dctect

Functiozal
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Functional
Leak check
Leak check
Leak check
Flow check

Leak check
Flow check

TPA acceptance

test

Engine acceptance

test

Leak check
Leak check
Leak check
Flow check

Leak check
Leak check
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PRELIMINARY SUMMARY OF
NERVA FULL FLOW ENGINE COMPONENT FAILURE MODES

AND METHODS OF DETECTION (cont.)

Type of Test
Compounent Mode of Failure Required to Detect
F. DESTRUCT SYSTEM
1. Fail to activate Continuity Check
G. INSTRUMENTATION '
& CONTROLS '
1. Open circuit Continuity check
2. Short circuit Insulation and
resistance
3. Loss of resistance Dielcctric test
H. GIMDBAL ASS'Y
1. Excessive torque Torque check '
2. Fail to attain gimbal Functional check
angle
I. ACTUATORS
Valves, Gimbal and 1. Fail to ruvspond to Functional
Control Drums input command
2. Slow responsc Functional
3. Fast respouse Functicnal )
4. Improper response Functional :
s, S
. _ L N _ N Y I~ ° -
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MEMORANDUM :
TO: P. P. Ventura DATE: 18 December 1969
7850:M0378
FROM: E. B. Cleveland
SUBJECT: Reliability Review of Trade Study $-054-006, Diluent and

Bolt Coolant Flow for NERVA Hot-Bleed Engine

COPIES TO: W. M. Bryan, D. Buden, A. D. Cornell, D. S. Duncan,
W. E. Durkee, R. B. Glasscock, B. Mandell,
J. H. Ramsthaler, E. A. Sheridan, W. E. Stephens,
E. 1. West, Scction 7850 Personnel
NTO: W. H. Bushnell

REFERENCE: (a) Mecmo 7010:173, R. V. Evleth to Distribution, dated
1 Dec. 69, Subject: Review of Diluent and Bolt
Coolant Flows, Data Item S$-054-006

The subject trade study report, dated 1 December 1969, was reviewed as
requested by Refcrence (a) with respect to the reliability conclusion and {ound
to be in agrecment with the supporting reliability analysis. A clerical error does
appear in page 5, linc 10. It should read: "...in Concept "A' than in Concept "C"
n. the A and C having been interchanged.

E. B. Clcveland

Reliability

Reliability & Safety Analysis Scction
Nuclear Rocket Operations

CLASSIFICATION CATECORY
UNCLASSIFIED
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MEMORANDUM

To: W. E. Stephens Date: 19 December 1969
7850:0393M
From: J. H. Ramsthaler
Subject: System Level Failare Mode, Effects, and Criticality Analy:.ic
(FMIZCA) .

Copices To: N, Buden, A, D, Cornell, W, E, Durkee, R. B, Glasscock,
C. K. Leeper, B, Mandell, 1. L. Odgers, E. A. Sheridan. File

Refecence: (2) Memo J. H. Ramsthaler to C. K. Leeper dtd 10 December 1969,
subj: "Comnpoucni Failure Mode Anclysis!

Fuclosare: (1) Failure Modc Effccts and Criticality Analysis
(Addrcussee
Only)

In accordance with Reference (a), Enclosure (1) nresents the iuitin) iferation
of the systen Jevel MIECAs for the NERVA reference eagite {excluding the
16C 2nd Nuelear Subsyctems). Tnmany areas, the engine or subsy:lvmn
cffect of a given failure nmiode is presently unhkunown, Computer maifuncticn
ruus on the NETAP or TAF programs will be made in some cases to
dcetermine these effects. Ta addition, assistance is requested fromm vour
scction to work with the reliability analysts in upgrading this analysis.

adad A ast L

W. 2. Byer iy

J. H. Ramsthaler, Manager
Reliability and Safcty Analysis Section
NRO Systems Departmecent

randed dn w G apvornavciidek  Wbavibdin:
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MEMORANDUM

To: W. M. Bryan Date: 24 November 1969
' 7850:M0342

From: A. J. Mihanovich

Subject: Status ~ R-106 Efforts

Copies To: J. W. Brewer, J. S. Goddard, J. H. Ramsthaler, E. J. West, File

Reference: (a) AGC Report, W. A. Coleal to R. J. Squires dtd 22 November 1966,

subj: "NERVA Reliability Study"

Enclosure: (1) General Comments - R-106

[~ ORI e NP

(2) Proposed Approach
(3) Considerations Related to Test Program Plamning

The purpose of this memorandum is to briefly review the activities performed to
date with reference to the development of Data Item R-106, Reliability Test and
Evaluation Plan, list some potential probiems, and to suggest possible approaches
toward completing this data item.

A treatise on general reliability evaluation was presented in Reference (a). In
addition, some general approaches were suggested for some of the components. As
such, Reference (a) provides valuable background toward the problems of reliability
assessment as applied to the NERVA development program, including some insight to
the types of tests normally conducted on components during development programs.

Based on a vreview of Reference (a) and the requirements of R-106, Enclosure (1)

has been prepared. This enclosure briefly summarizes some of the general comments
pertinent to R-106 that are apparent at this time. It is clearly incomplete at
this time, gince the numbers of assumptions required, and problems identified, will
increase as more efforts are expended on the R-106 task.

In Enclosure (2) is presented a brief outline of the type of approach which should
be considered to complete the R-106 data item. The lasks presented in Enclosure (2)
are sketchy at this point, may omit some important steps, and may be chronologically
out of proper sequence; however, it is hoped that they would serve to stimulate
comments and discussion on means for accomplishing this task.

Omitted from Enclosure (2) are the efforts required to improve the technical wmethod-
ology of reliability assessment and the efforts required to resolve some of the
technical problems presented in Enclosure (1). It is understood that these methods
improvement efforts should be undertaken concurrently with the tasks presented in
Enclosure (2).

Enclosure (3) contains a philosophical discussion of the overall reliability
assessment problem, as prepared by J. W. Brewer.

< %M J\;'\,mwwiv
CLASSIFICATION CATLGORY A?’ J. Mihanovich
UNC LASSIFIED Reliability

¥ . £5$a-5 Yag Reliability % Lafety Analysis Section
CLASSIFYING OfFICE DATE Nuclear Rock.:t Jperations # /

T PV PO

Aran w oF b - a [oRTR i N _

LO "

[P TR



Enclosure (1)

GENERAL COMMENTS - R-106

A ASSUMPTIONS

1. No testing will be conducted for reliability assessment purposes
ounly. All testing should be designed to produce information required by and
usctul to the designer. (Implies that, in many cases, the designer must be

educated as to what information he really needs).

2. The basic item which will delineate what numerical reliability values
will be required is the Reliability Prediction Math Model. Not all of the values
required for input to the model will be generated as a result of testing during
the NERVA program, since in some cases it will not be feasible or possible to
do sufficient testing to generate useful reliability data. (Possible examplcs --
pressure vessel, structures), In these cases, reliability values based on

analytical analyses or possibly historical data will be utilized,

3. The same simplifying assumptions made in the development of the

prediction model will also apply to the assessment model (e.g., independence, eic.)

B. GENERAL TESTING PROBLEMS

~

1. What type of design information do designers normally require from

testing? This question holds for all parts/components/subsystems/systems.
2. At what level of testing (part, component, etc.) is reliability assess-
ment really feasible? That is, at what level and what type of tests produce useful

data in terms of realistic imposed environments, etc.

3. What type of tests are normally conducted on the various parts/com-

ponents, ctc? (Including what type of test equipment.)

4, Major Problem (at present) - Scope of R-106 as indicated in Form 9

(Data Itera description)

-y
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Enclosure (1}

C. TECHNICAL PROBLEMS

1. In analytical stress/strength analyses, stress distributions are
derived by analyses of stress equations. During testing the stress distribution
often changes as a function of thrust time. How is this considered for reliability

assessment using stress/strength technique?

2. If results of engine tests are used and reliability assessment
considers such engine parameters as Isp, how is this accomplished, since Isp

. . . . . = At
is a continuous variable as a function of time? (e A )?

3. Some components are subject to changing failure rates due to
detcrioration/degradation. The technical reliability problems associated with

this phenomenom have not to date been thoroughly explored.

4, Common externally and internally induced environments often affect

failurc modes from several components. These effects could pose difficult

reliability assessment problems.




9.

10.

PROPOSED APPROACH

Task

Perform a detailed component Failure Mode and
Effects Analysis including:

a. Eunvironmental conditions pertinent to each mode.
b. Prediction of probability of occurrence of each
mode (based on historical or analytical results}.

Review materials testing requirements as developed
by the Materials Department.

Review types and numbers of tests normally performed
on each component/subsystem to provide design data.

Review test equipment available for various component
tests.

Dectail the design requirements for each component/
subsystem,

Develop preliminary reliability assessment plan to suit
requirements of the reliability math models.

Compile all preliminary component/subsystem tes!
plans developed to date by Design,

Compare assessment requirements with potential data
available from Item 7.

Suggest changes in the test program necessary to
satis{y the assessment requirements. Coordinate
with Design.

Publish final Reliability Test ard Evaluation Plan.

iy 8 et > " - s e o+ 8 e msthim s A e e i e .

Enclosure (2)

Responsibility

Reliability

Reliability
Reliability/Design
Reliability/Design
Design

Reliability
Reliability
Reliability

Reliability

Reliability

o«




Enclosure (3)

CONSIDERATIONS RELATED

TO TEST PROGRAM PLANNING

I. TERMINOLOGY
This communication describes criteria which might be used in making decisions

when planning Reliability tests.

+ 1.0

' =
PROB. = S—o.
> =

1 DENS:TY] 3,\ % e R = R(D)

i / 3
1-R \ 2 |

¢ R :
f i 3

X 758/, =5 T
S - Capability Mission Time or Cycle Number (T)
| o~ - Requirement
- " --Phenomo~

v 1 - The "Causal Variable" Figure 2 - The "Temporal-Ph

Flgure 1 Foimalism logical" Formalism

It will be necessary to review standard terminology and, in the process,

' introduce several new terms in order to express the author's views. New terms will
be designated by quotation marks.

There are at least two ways to formalize Reliability studies: (1) the
"Temporal - Phenomological" model, and (2) the '"causal variable' model.
In the "Temporal - Phenomological' approach, the analyst assumes:

R = R(T) 1
where T is either the mission time or cycle number, whichever is appropriate. The
functional relation may then be assumed to have some standard form such as the Weibull
cumulative distribution:

: For many physical components, it is assumed that b = 1.0 so that equation 2 reduces
to the familiar exponential distribution. The failu.e rates, ©, for many components
can be found in standard data books such as FARADA.

In the causal "Variable Approach,' the reliability is assumed to be the
cumulative probability associated with some basic random variable, § 5 , 1.e.:
R = PROB (% > 0) 3
= F(o) 4
¢ s
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-2 -

The analyst must then select a functional form for either F or its probability
density

dF
£33 5

The causal variable approach is illustrated in Figure 1. Fxamples of the
use of this approach are: (1) the stress - strength formalism for mechanical mermbers
and other so called "physics of failure theories;"in the theory, 5 = § -~ (capa-
bility minus requirement) as shown in Figure; and (2) clearance failure theory

(e.g., turbine blade and housing clearance) wherein § = clearance.

Testing based on the temporal - phenomological formalism will be referred t»
as "life testing."” It is the purpose of this report to present criteria which wa'i
help the Reliability engineer select one form of testing over the other.

It will be assumed that Reliability may be resolved as follows:

RS = Structural Reliability
Rp = Performatrce

As pointed by RAABE, RP is the conditional probability that a system performs
according to specification given that the system components maintain their struc-
tural characteristics. Structural Reliability will receive the main emphasis in

the discussion.

In the following discussion, emphasis will be placed on two competing

considerations:
a. Cost of testing
b. Accuracy of the experimental

Performance Reliability fits quite nicely into the causa. variable formalism.

II. ADVANTAGES AND DISADVANTAGES OF CAUSAL-VARIABLE TESTING

It is clear that only the causal variable formalism can be applied to some
components. For instance, mechanical componeats subject to large static loads only
once during the mission. Most often, however, the analyst will have a choice of

formalisms to use in his modeling and testing.

“ &
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Enclosure (3)
-3 -

Often, the designer himself will be very interested in one of the random
variables ™ and/or S. The designer's testing needs might then conform with those
of the Reliability Engineer. Before requesting tests, the Reliabil.ty should
consider that the designer's experience and capabilities could be enhanced by

causal variable testing.

Causal variable testing can offer great savings in teat costs. Requirement
statistics, for instance, can be obtained using non-destructive testing. After the
analyst has selected F or f, appropriate statistics can often be obtained with a

high degree of confidence after five or ten tests,.

Another important consideration for the Reliability Analyst is the tvpe of
historical data which is available. If capability-requirement data is available, the
Reliability Engineer may have greater confidence (in the non-statistical semse) in

th2 data obtained in the testing program.

It would appear that the greatest disadvartage associated with the causal
variable approach relates to questions of accuracy. Two major sources of inaccuracy

are:

a. Requirement-capability relations must be defined for each failure
mode; omission of a single failure mode in testing could completely invalidate an

otherwise perfect Reliability estimate and assessment.

b. The definition of the capability variable, S, is a difficult task;
this statement is especially true for mechanical members for which failure mechanisms

are poorly understood and cannot be related to standard, simplified material tests.

These are, of course, the usual inaccuracies ascociated with a poor choice

of the probability furctions F or f.

III.  ADVANTAGES ANI) DISADVANTAGES OF LIFE TESTING

Life testing has the significan: advantage of possibly providing the more

accurate Reliability assessment. Accuracy cf life testing results is not seriously

affected by an incomplete failure mode analysis.




Enclosure (3)

-4 -

Many types of bardware (e.g., ball and roller bearings, electric circuit
com;-onents) have been modeled in this phenomological way and much historical
data exists for these components. For some compcnents, life data is easier to
obtain than capability>requirement data (e.g.. rollirg bearings and electrical

components).

it is possible, with life testing, to substitute iiisto:vram analysis for
cstimating statistical distribution parameters and thereby elimiiite cr~ars intro-
duced by the assumption of an inappropriate form of probability functicou.

Histogram analysis, however, usually requires a much larger number of tests.

The usefulness of temporal-phenomological or liie testing suffers from
the facts that:

a. Life testing sheds little light on those aspects oi design not
directly related to Reliability.

b. The number and length of life tests can lead to larg: testing costs.

There are several distinct categories of life tesring that should be

delineated. Two bacic types of testing are:
a. Attribute Testing
b. Testing to Failure

In atrribute testing, parts and/or systems are tested for a specified time

or number of cycles. Reliabilities and confiderce limits are then deducted from
the survival ratio. Attribute testing offers the advantage of providing the
Reliability Engineer with a straight-forward weans of calculating confidence
parameters. As is well known, attribute testinrg requires an extremely large
number of tests im order to provide sufficientiy narrow confidence limits. Thus,
the analyst must weigh the advantage of knowledge of confidence parameters against

testing costs when considering attribute testing.

Testing to failure tes.s can be broken down into two sub-categories:

B - 1) Histogram Analysis

B - 2) Statistics estimation for assumed probability functions

&, 5 _
<+
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Obviously, histogram analysis provides the wmore accurate means of testing because
there is no need for assuming a form for probability functioms. If the analyst
decides that testing costs for histogram analysis would be too high, he might decide
on B-2) life testing.

Iv. SUMMARY AND CONCLUSIONS

There are basic types of testing: "causal variable" and life testing. The
heliability Engineer may often have to choose between the two types of formalism
when developing Reliability models and when designing tests. When selecting a
formalism, the analyst might consult the following checklist:

a. To which formalisa is historical data related?

b. Are other members of the design team planning tests which might be

used as "causal variable" tests?
c. Will “causal variable" testing enhance the capability of designers?

d. Are the distribution functioms, which must be assumed in the causal
variable formalisms, sufficiently accurate approximations of the true distributions?

e. Is the failure mode analysis, which is especially crucial to causal
variable testing, sufficiently complete?

f. If iife testing is selected, are confidence parameters rejuired?

g-. What number of life tests must be performed and what are the lengths

of the tests? What are the associated costs?

h. Will histogram analysis of life tests cesult in sufficiently low test
costs so that this type of test analysis may be used in place of statistics analysis

for assumed ailstributions?

The answers to the above questions will hopefully provide the Reliability
Analyst with a rational basis for design of tests.
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MEMORANDUM

TO: J. L. Watkins DATE: 16 December 1969
7850:M0371

FROM: E. B. Cleveland

SUBJECT: Example of Designing for Reliability

COPIES TO: W. M. Bryan, D. Buden, L. B. Claassen, R, B, Glasscock,

J. M. Klacking, A. J. Mihanovich, J. H. Ramsthaler,

E. A. Sheridan, L. A, Shurley, M. H. Smoot, F. C. Valls,
E. J. West

NTO: W. H. Bushnell

ENCLOSURE: (1) Designing for Reliability

The discussion and example of Enclosure (1) is provided to illustrate
the use of SNPO-C-1 requirements by the designer to ensure achieving the
overall engine reliability.

It is assumed that the designer understands some of the fundamentals
of statistics. The bibliography references should be studied to gain a com-
plete understanding of the probabilistic design concept.

Reliability personnel are always available to assist the designer in
applying these principles,
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DESIGNING FOR RELIABILITY

The NERVA engine must have a reliability of 0.995 at the 90% confidence
level to meet the long-life and man-rating requirements. The only possible way
this level of operational excellence can be achieved is by painstaking attention to

cvery detail of engine design, manufacture and use.

This effort begins with the designer who must convert the engine require-
ments into a design. The engine design must have a very high apparent design
reliability to allow for manufacturing and use degradation and still achisve the
0.995 engine operational reliability. This is discussed in SNPO-C-1, Section 5.
Sunce there are approximately 30 major engine components, it follows that the
components must have design reliabilities on the order of 0.999 and the parts
0.999,999.

The oniy method currently available to the designer to achieve and assess
this degree of the perfection is the Failure Mode Analysis and Probabilistic Design.
The Failure Mode Analysis, covered in NRP 301, provides the attention to detail
necessary to find all possible modes of failure, Probabilistic Design is the
quantiiative technique to be applied to each possible failure mode to ensure that

all parts will have acceptably low failure probabilities.

Probabilistic Design is based on the premise that we live in a probabilistic
world where no parameter is single-valued but is distributed in a manner that
can be closely approximated by statistical mathematics. The techniques to apply
these mathematics to the design process have been developed and are adequately

covered in the references listed in the attached bibliography.

Full utilization of the probabilistic approach depends on the complete statis-
tical description of the environment, the design configuration and the properties
of the materials and processes used. This data is not available for many of the
NERVA engine parameters and materials; however, reasonable estimates can be
made of the distributions. These estimates will then permit initiation of a design
using the probabilistic approach. Later, the results can be refined by substitution

of actual data into the analysis,
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Tue following approach 1s suggested for use by the designer tor witial
design vertfication and comparison of alternative concepts and presiumes that a

talare mode analysis has been completed.,
a. Detine the failure criterion and the method of stress cnaiys.s.

b, Define all known parameters in terms of a means and stanaard

fmviations,

Co Compute the unknowa parameter asing the allocated relick.iiy,
d. Determine the margin of safety.
e. Repeat for all critical areas and failure modes of each concept and

.abulate the results,

The reliability value that must be achieved for each possible component
{ailure mode is the result of apportioning the 0.995 engine requirement tn each
subsystem, component and part. This is done by a math model which takes into
account the working relationships and the degree of difficulty expected in achieving

the individual reliabilities,

A typical apportioned reliability for the nozzle assembly is 0.93746, which
is divided into 0.93891 for the nozzle, 0.9403 for the skirt and 0.94515 for the
skirt extension. These values must be further apportioncd by the designer to

individual parts and then to each failure mode.

For example, the nozzle may have 220 tubes with four failure modes each, and
a support structure with three failure modes. If any one of these failures will
result in mission failure then their reliabilities are a series relationship and a
simple approach .would be to apportion the 0.93891 nozzle reliability cqually to cacn

of the failure modes.
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Tube Failures 220 x 4 = 880
Structure Failure l x 3 = 3
883
Skirt Failure Rate 1-.93891 = .03109
Mode Failure Rate - 03109 = .0,12
883
Mode Reliability 1-.0612 = .9688

This indicates that for each area of the nozzle that can fail, the probability
of not failing must be at least 0.9688 including not only the strength-stress effects
but also Q.C. considerations such as corrosion, handling damage and undetected
flaws, Again, a simple first-cut approach might be to assume that haif of the
failures are from undefined Q.C. problems.

.0612
Strength-Stress Reliability le —— = .9740
2

The .9740 value can now be considered as a target value to initially size
the structure. Several iterative steps will, of course, be required to arrive at

an optinium nozzle design.

The following example illustrates the above procedure. The permissable
Ap across the u-tube for a range of radii, wall thickness and strengths is
determined for a reliability of .9740. The designer should also study SNPO-C-1
giving particular attention to Section 5 and the examples of Appendix IV, Ed
Haugeu's book, Part Two, Chapters 7-14, should be referred to for examples of

common stress problems using the probabilistic approach.
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PROBLEM

Determine the permissable pressure across th wail of u-tubes with
outside radii of 0,177 and 0,284 and thicknesses of 0.012 to 0.038 in. for a mean
wall temperature of 1000°R. The margin of safety must be positive and the
apparent design reliability at least 0.9,40.

Step 1. Define the failure criteria and the method of stress

analysis,

For this example consider the capability of the nozzle u-tube

near the ¢nd of the nozzle to resist yielding during steady state engine operation.

'{ty » hoop t

where P = AP across the wall

r = tube mean radius

t = tube wall thickness u~tube section

Step 2. Define all parameters in terms of mean and standard
deviation or coef. of variation. (A reasonable estimate of std. dev, is 1/3 of

10% of the mean or 1/3 of the specified one sided tolerance on the mean.)

Parameter Mean Standard Deviation Coef. of Var.
() (7) i) (V)
Pressure, P, psid (TBD) VP x P . 010
Outside Radius, r, in., .177 Vr X T .002
and
.284
Wall Thickness, t, in. ,012 vV, x t .048
to
.038
Mat'l Strength, Ft , 24,800 1670 -———

psi, at 1000°R Y ..
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Step 3. Cumpute the unknown parameter.

The value of Kp is a measure of the nurnber of standard
deviations {rom the mean of the joint distribution of all values of strength greater
than stress that will encompass .9,40 of the area under the distribution curve as
illustrated below,

Meai =[Fg, = 7g,)

e kf’ — l s v'\;}y P /:}?
!
1
\ A
B A Y
Kp = joint mean ,yd'/”, n/{/f _ ) | / '
P = Joint std dev. sy :
= 3 W ""77:0.&;-7‘///._: o
- Fty - fty " ~ 2%y /
—r = J
ty + ty LShaded area is the probability

that any value of Fty will be

greater than any value of fty’

i.e, the probability ¢f success
or (the reliability).

The values of rty and T F,, are known and the valur ..f Tty and<f, (the =tress
v2

mean and std. dev) can be determined from the expressicn fty = Pr/t and the

equation of the algebra of normai functions, Figure 1, by the method oi partial

derivatives, Figure 2 or by the Monte Carlo simulation technique.

Using the method of Parrial Differentials, the mean aud variance of stress

are given by

T, = Bt

2 . s - N e s 2 , . -~ 2
¢ - S 13 z T ! :/ i Ty ; SP24% \
q;t/ = < O .r'_ i \ .- ( \4\ 7 ‘fz Jdr ) + { )f. M {—.)
' VY v

A L a4 03 e
e T L e vy S

T L Ly 3 .
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Since 'f;y /P = Tftand T;Y /r = P/t the partials reduce to
I LR S e mr Ay
¥t F V. £7
0// _ /5 _&
or "z T 7

Replacing the partials and dividing by fty 2

-

c:.l NG

[ Gory 3 L 'y )
) = (F )+

The standard deviation divided by the mean (< iI‘;) » is called the
coefficient of variation usually expressed as Vi therefore P, T, and T terms

can be replaced with Vp, Vr and Vi respectively.

<

2 /‘:;' ? ., ,.2 oo T

Substituting this expression for G f 2 in the expression for th. Kp and solving

ty
for ft.y

-
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The appropriate value ol Kp can be obtained from Figure 3. Since this is
w ftnction of average sampie size, Njof the joint distribution of strength minus stress 1

the stress values are as yet undetermined, an initial value will have to be assumed

and tie final results corrected after the stress values are calculated.

The value of P can now be determined from
P (:"h_ V(DT
. b4
tad the value ol p from sz = ( -p/B)”

Vp = VPP'

Step 4. Determine the margir of safety (SNPO-C-1 requires a positive
margin of safety regardless of the reliability value).

MS - §}i‘--1, must be > 0

Q’F ) SIL is Stress Intensity
y ty Limit based on nomainal tensile

yield strength Fty and its variance

where: SIL = 0,85 (Pty - KFt

3
ty
and maximum 2llowable stress:
f =1 + K </
ty fty fty
and: KF & Kf = standard deviation multipliers which adjust the variance

ly ty
for confidence that a g v- 2 sample size is able to predict the total population spread.

For this example assume that the material strength, variation V.Fty’ is based
on a sample of 15, the minimum allowed by TD 69-28. C-1 requires 95% confidence
level: 5 - 0,95, acd (probability of 99%) > = 0.0l and with sample size n = 15,
the value of K, = 3,52 using Figure 4.
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Generally stress data is not available, and therefore are analytically
derived. Since there is no sample size that can be associated with these derived
values, it is generally assumed that the stress, ‘ty ad N fry’ are from a very
large sample size (infinite) taerefore, Figure 5 is used at the 99% reliability
K; = 2.33. This correspunds to the 99% reliability used in the material strength
calculation. The 95% coniidence limit does not apply since the infinite population
assumes absolute confidence.

MS = o.ss(i-"tld.sz (< Fry) )

Tty + 2.33 (<fty)

-1

Step 5. Determine the reliability,

The reliability, R, will be the value from Figure 5 corresponding
to the number of standard deviations, Kp, at sample size N. Since an infinite
sample size is used with stress and a sample size of 15 is used with strength the
average sample size is somewhere between 15 and a¢ and can be approximated by:

2
2 2
(g ) )
N ¢+ ty Y
4
2 2
(GF ) (0, 1))
+ ty
"N,

ty fty

+ (<
£

2

Ng

A short GE Mark II Fortran program, ECLEVE 3, has been written for the
numerical solution of this problem. The program is listed in Figure 6
and the output results of this sample problem are Figure 7. The input notations are

as follows:

N = The number of mean wall temp. values (up to 50 sets of
temp /strengths values can be entered, Only one set was
used in this problem.)

TEMP - The mean wall temperature

FTY - The mean yield strength at TEMP



—————
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SIGFTY - The std. dev. of FTY

OR (1) & (2) -~ The tube outside radius, (the program is set up
for two values)

FTYM - The strength multiplier, KFty used to calculate SIL.

FTYN - The strength sample size number (15 was used in
this problem)

FM - The stress multiplier, KF used to calculate the max
stress,

RF - The reliability factor Kp

VP, VR, VT - The coefs of var. for pressure, radius and thickness

Step 6. Repeat for all critical areas and tabulate the results.

The computer solution presented does not yield a value for
rehability. This is obtained from Figure 3 at the initial value used for Kp (6.85%
in this problem) and the calculated value of average sample size EN. For this run
the desired reliability of 0.9740 was obtained.

If a Compnrrernt Failure Mode Analysis had been made to identify
all nuzzle failure modes, each mode would be analyzed using this appro~ch. A
summatiion of the results would then show that the design would be the rcquired

nozzle reliabiiity of 0.93891.
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Figure 1

METiiOD FOR DETERMINING THE JOINT N{EAN AND STANDARD DEVIATION
OF TWO NORMALLY DISTRIBUTED VARIABLES

Opcration Joint Mean . Joint Std. Deviation
- _ = - - 4= 2, =2 - =.,1/2
Addition X 4+b = X3t % 5.4b° (sil +8, + 2r s, sb)
. - _ = - - =2, =2 = = ,1/2
Subtraction X b=% - % 5. b" (sa ts, - 2r s, sb)
=2 4= 2 o (2= 2
- - - (s,)" (5,)" (8,)7(5)
Multiplication X . =X 8, -x + +
"% b ®2Y Nm0 )t R)AR)”
()" (x) ()l
' 1/2
e
-2 ,=~ 2 ,= .2 -\ g
Division x =x_Ix s = (xa) (sa) (Sb) - rw)uz
a/b” *a/™ a/b” = 2V, 2" -2 - /=
(%)° (x)° (%) (%,) (%)
Where X = mean of j.d.
s = standard deviation of j.d.
X = mean of a sample
s = standard deviation of a sample
r = correlation coefficient ( = o if functions are independent,
+1 if perfectly correlated, -1 if negatively correlated)
a,b = subscripts denoting sample distributicns

For more complex relationships use the method of partial derivatives.

Figure 1
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Figure 2

PARTIAL DERIVATIVE METHOD FOR OBTAINING THE JOINT MEAN AND
STANDARD DEVIATION OF TWO OR MORE NORMALLY DISTRIBUTED VARIABLES

‘ihis method can be used to obtain the approximete joint distribution of
two or more tunctions and is recommended for those expressions that are more complex

‘han the wddition, subtraction, mulitiplication cr division of two variables.

1
Cipwermition ! Joint Mean f Joint Ctandard Deviation
X ' T >
Any d’.".“t‘onmtiublc | tisc mean 2 2 _ Z_ (ﬁ.'!l )2 < + 0 z ( d ¥y ( d ,) _
oxprossion¥ values in y i=1 dxi x4 i< ,)xi -ZSX:‘
the expres- L D
Y 1
sion. ls s r
' xX{ X:;
where r = the correlation factor
when r = 0, the second term = 0
el e
1/2
=5 - 2 2 = 2 2 2
Pr - Pr P A 3 hy )
* © — s = + + - S-
' 1 t T sy = (59 % S - 03D 5
periorming the differentiation:
_2 o, _ 2 -
r IS Pr
= () s, t (s, rZm) s )
t t
*For more complex expressions use the ionte Carlo simulation technioue.
Figure 2
A~ -~
-—/ -/ /
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Figure 3

factors and sample sfize for
'Y with 90% confidence.
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MEMORANDUM

To: Distribution Date: 29 December 1969
7850:0395M

From: W. M. Bryan

Subject: Transmittal of NRP 301, "Component Failure-Mode Analysis

for the NERVA Engine, Instructions for'"

Copies To: D. Buden, W, E, Campbell, J. W. Conant, A. D, Cornell,
D. 3. Duncan, W, E, Durkee, C. W. Funk, R. B. Glasscock,
D). Holzman, G. S. Kaveney, J. M, Klacking, C. K. Leeper,

C.

F. Leyse, B. Mandell, I. L., Odgers, J. H. Ramsthaler,

K. Sato, L. A, Shurley, File
NTO: W. H. Bushnell

Keterence: (a) NRP 300, System Failure-Mode Effect ana Criticality Analysis
(b) Memo 7850:M0256, W, M. Bryan to Distribution dtd

19 August 1969, subj: '"Review of NERVA Program Procedure
NRP 300, Failure Mode, Effect and Criticality Analysis for
Components of the NERVA Engine, Instructions for"

Enclosure: (1) NRP 301, Component Failure-Mode Analysis

Enclosure {1) is the initial draft of the Component Failure-Mode Analysis (FMA)
which is transmitted for your review and implementation into the NERVA
design and analysis process. The FMA, together with the system level
procedure described in Reference (a), supersedes the single procedure de-
fined in Refcrence (b). The single analysis system bhas proven to be unwieldy.

The analysis process is initiated with the system 1+« .. 1dy, Refercnce (a),

to determine system effects ard interactions and, :mon; other things, provide

a basis for selection of compone .t concepts which . ' .ade ¢ -cal system
failure modes., Each Failure-Mode Effect and Criticaiil, av... s5is involves
system and design engineering groups which have the ¢ .-+ *.¢ - niecessary to
understand the engine requi: ements and the system an. - ':* tem interaction
effects when these requirements are not met by the cor . ¢ .ts, The Component

Failure-Mode Analysis level study, Enclosure (1), is in...ated by ¢ designer
upon completion of the system level study to determine the cause of failures
within a component. It is at this level that stress, materials, radiation,
thermal, instrumentation and controls, and quality assurance are formally
included in the analysis process. Also, probabilistic analyses are conducted
on causes of failure identified in the component study.
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NERVA PROGRAM RELIABILITY PROCEDURES
Title N.R.P. Number
. 301

Component Failure-Mode Analysis

for the NERVA Engine, Instructions for
Supersedes
N.R.P.No. N/A

Date

1.0 PURPOSE

The purpose of this procecure is to establish the criteria for Component
Failure-Mode Analysis (FMA) and define responsibilities for their preparation
and utilization in the design of components for the NERVA engine. It
cstablishes a uniform means for preparing FMAs by applying a coordinated
systematic approach to fallure identification at che part failure mechanism
level and cvaluation of its causes, The requirement for this procedure is set
forth in Data Item R-101, NERVA Reliability Program Plan.

For the NERVA program, this document supersedes and obsoletes all
portions of NRO Program Directive No. RN-PD-5-1074, and Amendment A

(2.1 and 2,2) and WANL Procedures RMP 3-5 (2.3).

2.0 APPLICABLE DOCUMENTS

2.1 RD-PD-.S$-1074, Failure Mode Analysis - REON, Instructioas for,
dated 22 December 1966,

2.2 RN-PD-S-1074A, Failure Mode Analysis - NRO, Amendment to,
dated 3 March 1967.

2.3 WANL RMP 3-5, Failure Mode Effect and Criticality Analysis.

2.4 NRP-300, System Failure-Mode, Effect and Criticality A’ " ysis
for the NERVA Engine, Instructions for.

Approved By: Issue Date

Manager, Reliability NERVA Program Manager

AEROJET-GENERAL CORPORATION .. -
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2.0, Applicable Documents {cont,)

2.5 Data Itemn R-101, NERVA Reliability Program Plan

2.6 Data Item C-018, NERVA Configuration Muiagement Plan
3.0 POLICY

3.1 Comiponent Failure-Mode Analysis (FMA} will be used as an
integral part of the design process for the NERVA engine. The high cost of
testing the NERVA cungine precludes extensive engine system reliability testing
to demonstrate the stringent reliability requirements, The FMA isa primary

tool whereby reliability can be an effective design parameter.

3.2 The basic objective of the component FMA is to provide the basis

for analyzing a design in order toc assure a systematic and detailed review of

|
!

all of the possible ways that a component can fail to pcrform its design functions;

An assessment of the probability of failure of each part at the failure mechanism

level provides a bas:s for decisions which can maximize the probability of a
reliable coimponent. It assures that all feasible actions are taken to minimize
the probability of failure occurrence and/or to minimize the etfects of the

failure. It also provides the following:

3.2.1 A basis for comparing the reliability ol desipgr alternatives

during the concept definition phase.

3.2.2 A basis for the analytical prediction of the reliability of the
design during all phases of design development (i.e., concept selection, detail

desipgn, development testing, qualification) and during actual use,

3.2.3 A basis for recall of the analytical techniques used to assess

the structural dynamic and performance iri. 1ily . components.

,\
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r
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i noe have adverse system effects a5 evaluated in asystemn FMECA or those

(. , -

3.0, Policy (cont. )

3.2.4 A record of design analysis by program special talents (stress, ,
materials, radiation effects, thermal, system and quality and reliability |

analysts) and of the impact of these analyses on the design features and iabrica- |

tion processes.
3.2.5 Information for statistical planning of tests.
3.2.0 A checklist for design reviews, test plan reviews and the

cvaluation of design and fabrication changes introduced during production to

assure that such changes to not degrade reliability by violating design criteria.

3.3 The FMA will be initiated and maintained as an integral part of the

entire design process. It will be cortinually updated as design analyses are
conducted. The cognizant design organization will initiate and be responsible l
for the component FMA with the assistance and approval of Reliability. It will
be reviewed by other engineering disciplines and comments will be documented

to assist in design decisions. Detail responsibilities are set forth in Section 7.0,

4.0 DEFIN'TIONS

4.1 COMPONENT FAILURE-MODE ANALYSIS

A component Failure-Mode Analysis {(FMA) is a method of
identifying and assessing the probability of occurrence of all possible means by
which a compunent can fail to perform its required functions. It is also a
svstematic procedure for identifying all of the primary causes (mechanisms) of

cach mode of failure and eliminating from further consideration those which do

which, in the judgement of engincering, do not require detailed analysis
due to inherently high margins of safety of the mechanism of failure. A major

~mphasis is placed on identification of those means by which human or process

~5
‘f\ MY
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I

; 4.1, Component Failure=Mode Analysis {cont.)

i

vrrors cause a mode of failure to occur. In a component design analysis, the
identificd critical failure modes will be further investigated by detailing all of
the procedures for analysis of each cause. Each mechanism of failure will be
analyzced in the generic terms of the "Failure Cavsing Stress'' and the '"Failure
KResisting Strength" where possible. These include, but are not limited to,
structural, clectrical, performance, dynamic, and environmental stresses and
strenpths.  Where possible, the nominal level and expected variation in these
"stress' and "strength' values provides the vehicle for assessing the probability
of success ot the design concept. The detailed methods for calculating these
"stress' and ''strength' values will be described in separate reliability proce-

dures,

A FMECA is an analytical technique which documents all possible
farlure modes in a system design, determines through engineering evaluation
the critical failure modes relative to mission success, documents the reasons
tor <lassification of other modes as noncritical. In addition to identification of
vritical failure modes, it also identifies major subsystem interactions and
important component interactions at the subsystem levei. For details of an
FMECA, rcfer to NRP 300,

4.3 STRENGTH

Strength, or part capability, is defined as the ability of a part to
resist failurce or, more exactly, "it is the maximum allowable value of a failure
poverning stress'. Strength is measured in terms of the pertinent mechanical

or physical properties of the material.

4.2 FAILURE-MODE EFFECT AND CRITICALITY ANALYSIS (FMECA)
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4.4 STRESS

Stress, or failure inducing characteristic, of a part, is defined as
the sununation of those factors o: storage, usage or test which tend to affect the
ability of the component to perform a required function. Stress may be caicu-
lated by any analytical technique which has been defined as a means to assess a

failure mecharism.

1.5 FAILURE MODE

A failure mode is the description of the presumed way 1n which a

component ccases to perform an intended function within specified performance

lunmits. (A failure mode is a specific required function expressed negatively.)

1.6 FAILURE-MODE EFFECT

A failure-mode effect is a description of the expected change in
all other components in a2 system or change in system integrity, operation or
performance which results from the defined failure mode. A failure mode eifec:
may carry through successively higher assemblies to the total system and will

be asscessed at all levels of assembly.
4.7 FAILURE MECHANISM

A failure mechanism is the process, or measure, of a failure
described in terms of the stress or the combination of stresses and/or environ-
mecntal factors which exceed the resisting strength attributes of a part. Failure
mechanism should be described at a level that specifically identifies or describeq
an ¢ngineering analysis which can be utilized to compute reliability. Similar

mcechanisms should be combined only when environment, loads, etc., are
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! 1.7, Fatlure Mechanism (cont,)

dependent and waere appropriate analytical tools are available (or can readily

be developed) for application to the analysis of the combined mechanisms,

1.8 ENVIRONMENTAL FACTORS

Those factors which make up the total exposure of an item (part,
component or subassembly) during its manufacture, storage 2nd service life.
Euvironmental factors may influence the imposed stress or the strength of an
item, or both. These influerces may be additive and/or accumulative, tempo-
rarvy, or perimanent. They include temperature, pressure, acceleration,
atmos pheric conditions, moisture, corrosive materials, radiation, vibration,

maanetism, ctc., and may be at a steady-state or transient condition.

5.0 PROCEDURE

The FMA will be initiated during the design concept selection phase and
will be updated as the sophistication of the design analysis is increased. The
FMA. will be formally reported as a part of the Allocation, Prediction and
Asscssment Reports, R-202. The content of the analyses will be affected by
program status and the amount of design detail available at the time of the
various program milestones where an Allocation, Prediction and Assessment

Report is required.
5.1 COMPONENT DEFINITION

The physical and functional limits of the components, the inputs to
the component, the outputs required of the component and the environment in
which it is manufactured, stored and used, are all part of the component defini-
tion needed for the FMA. The state of design definition expected at each R-202
milestone for the NERVA program is as specified in the NERVA Coniiguration

Manageiment Plan which is summarized below.
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5.1, Component Definition (cont,)

Changes in the amount of available design definition will have a corresponding

ceifect on the detail available in the failure mode analysis.

5.1.1 Design Requirements Baseline (DRB) - A review of Part | CEI and

ECC specilication to justify the performance and design requirements thereia.

5.1.2 Preliminary Design Review (PDR) - A formal technical review to
show that the selected design approach is compatible with requirements of the

Part I specifications,

5.1.3 Critical Design Review (CDR) - A formal technical review to
vstabhish the design configuration of the CEIs and ECCs which will be subjected
to formal qualification tests., The CDR will be conducted when the detail design

1s complete and the results from the development test program are available.

5.1.4 Formal Qualification Review (FQR) - The FQR will be a formal
technical audit to verify that all of the performance and design rcquirements
delincated in Section 3 of the Part I specifications (CEI and ECC) have been
successfully demonstrated in accordance with the requirements defined in

Scction 4 of the Part I specifications,

5.1.5 First Article Configuration Inspection {(FACI) - FACI is a formal
customer audit to verify that the as-manvfactured hard vare complies with the
cvontiguration defined by the Part 11 Detail Specification. The audit also estab-
lishes the exact relationship between the configuration of the end item qualified

and the configuration of the end item released for production.

———
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FAILURE MODES WORKSEEETS (FIGURES 1, 2 and 3)

tv

The FMA assumes that only the failure under consideration has
occurred. When redundancy is aoted within the component being analyzed
(i.c.. failure of more than one nozzle tube required for nozzle failure) this
cifect is considered in the failure probability model for the failure mode.
Where redundancy or failure interactions are noted at higher system levels,
this lact is noted in the effects analysis for use in the system FMECAs
from which the overall reliability predictions are made., The analysis of
« farilure mode will include all credible mechanisms that might cause the
failure mode. The probability of failure occurrence of each mechanism
will be assessced by the designer cither by stress/strength analysis or by
the most rigorous technique available., This evaluation will be reviewed
by other program talents and cither subsiantiated or modified by the de-
signer as a result of the reviews. This process will be documented at

the component level on the enclosed form using the following procedure.

5.2.1 Figure 1 - Component Failure Mode Analysis

5.2.1.1 Colunmin 1 - Failure Mode ldentification Number

5.2.1.2 Column 2 - Component Mode of Failure

The component mode of failure should negatively describe a
component function (se= Section 4.5). The level of the component part
analyzcd depends upon the interdependence of part of subparts, as well as
the physical or engincering boundaries usually associated with the part.
This column will be prepared by the component designer with assistance

ol reliability cngineers and reviewed by the various program talents.
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.2, Falore Modes Worksheets (Figures 1, 2 and 3) (cont.)
5.2.1.3 Column 3 - Mechanism lIdentification Number

This is a code number for each component failure mechanism
which increases numerically as additional mechanisms are identified. The
purpose is to key the various pages of the FMECA together. Some analyses
on an individual mechanism of failure will be on succeeding pages and a

common tic-in is necessary.
5.2.1.4 Column 4 - Comporent Mechanism of Failure

These are the mechanisms which cause the mode of failure
described in Column 2, These will be filled in initially by the designers and
added to by the subsequent analysts ii additional mechanisms are identified.
Component mechanisms will be identified primarily on the basis of past
expericnce refined to reflect (a) engine configuration, (k) comparative
cnvironments, and (c) NERVA duty cycle requirements, Each mechanism
will be analyzed 1n detail by all personnel participating in the failure mode
analysis. Therefore, mechanisms of failure should be defined in terms

which relate to the rmethod of analysis required,
5.2.1.5 Column 5 - Mission Phase

Mission Phase sensitivity to failure mechanisms should

include chilldown, startup, steady-stite, shutdown, cooldown and coast.
]
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5.2, Failure Modes Worksheets (Figures 1, 2 and 3) (cont.)

5.2.1.6 Column 6 - Environmental Factors

In this column the designer lists the environments which have
an effect on the mechanism of failure. Environments during the entire life o:
the part should be reviewed, including the manufacturing processes, assembilv,
testing, shipping, storage and operational use, Tables T and 11 list typical

cnvironments which may be applicable.

5.2.1.7 Column 7 - Stress Consideracions

In this column the designer relates the stress which may induce

tailure to the specific analyses required to completely evaluate the mechanism
ol failure which may be induced by the part design and environmeatal exposure.

Table | lists some factors which can effect the failure inducing stress of parts.

5.2.1.8 Column 8 - Strength ('ansiderations

In this column the designer notes the '"failure resisting
strength' which mast be evaluated in order to deterrnine the part resistance to
the stress and resulting mechanism of failure. Table II lists some fac.ors

which can effect the failure resisting streagth.

5.2.1.9 Column 9 - Design Analysis

In this column c¢he designer suinmarizes his analy-.s in terms
of the expected probability of occurrence of the modes of failure by each
mechanism, The more comprehensive and detailed this analysis is, the more
valuable the FMA becomes. As the design progresses, the FMA will be

upgraded and the design analysis will be more detailed and specific.

e

A oo st
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~. 2, Failure Modes Worksheets (Figures 1, 2 and 3) (cont,)

During conceptual trade studies it may be desirable to have a
quantitative reliability assessment for each mode of failure in order that they
may be summed for an overall comparison of tlie various alternates. The
values may be derived by selected previous component test experience, or if no
test experience is available, by a qualiiative rating system based on engineer-

ing judgement.,

In the early analyses, these columns will be general cdiscus-
sions of previous experience, such as: '"Traditionally, designs are producing
factors of safety of >2,0 on hoop stress, primarily because wall thickness, in
practice, is hcavier than minimum allowable by hoop stress equations' or;
"Tolerance on dimension on this area is easily measured and no subsequent
manufacturing processes which are expected to effect dimension are required';
or "Tolerance on surface finish is difficult to maintain and can only be meas-

wred in localized arcas', etc.

An analysis progresses to specific designs, these columns
will summarize the results of structural calculations, such as "Maximum stress
1s expected at location 'B' with a mean of 20,000 psia and sigma of 2000 psi,

347 stainless steel forging at 150°R has a normal standard deviate of 9.8 and
reliability >923 SNPO-C-1 Margin of Safety is ...., etc.

The analyst must sign the analysis so that he can be contacted
directly to provide additional information or resolve questions should such be

nceeded during design reviews.,
5.3 FIGURE 2 - ENGINEERING ANALYSIS OF MECHANISMS

This worksheet is provided with a copy of each completed Figure 1 to
the various technical disciplines that will review the FMA., These figure.- will
not be retained as a permanent part of the failure mode analysis, The work-

4
- — e e
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5.5, Fronre 2 - Fncineering Analysis of Mechanisms (cont,)

sheet presented as only a guide--other formats may be used if deemed neces-
sary. The objective of these reviews is to identify or emphasize problems
associatea with cach mechanism and to define the studies being done in the
specialty arcas which have a bearing on each mechaniam of failure. By
rigorously insisting on an anilysis of each mechanism of failure by all special-
ties, the program minimizes the possibility that no critical analysis or test
program s overlooked. 1In early issues of the FMA, the specialty analyses
inay refer to prior studies which support their conclusions, or development
ctforts that aic required to obtain the analytical techniques or test data to
assure there is no reliability problem. As the development effort proceeds,
the analysis will be changed to reflect the additional supporting data which

have been acquired.

5.3.1 Column 1 - Component Failure Mechanisms Identification
Number
5.3.2 Column 2 - Summary of Failure Mode and Mechanism

Enginecring specialists reviewing the FMA may elect to
mark up Figure 1 of the FMA with his suggested addition or deletion to the
failure mechanism (Figure 1, Column 4), or he may rewrite them on Figure 2

in this column,

5.3.3 Columns 3 and 4 - Column Headings are Self-Explanatory

Che~k lists may be developed as an aid for each discipline

answering typical questicns in relation to each mechanism of failure.
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5.4 FIGURE 3 - SUMMARY OF SUPPORT ENGINEERING
ANALYSIS

This summary sheet will present a compilation of the informa-
tion gathered on the Figure 2 worksheets and will be included in the FMECA

prescntation in Data Item R-202.

3.4.1 Column 1 - Failure Mechanism Identification Number

This column corresponds to the identification number in

Column 3, Figure 1, and is used to key the analyses together.

5.4.2 Columns 2 through 7

Dctailed analyses by the indicated program talents will be

summarizced in these columns. The Reliability Analysis will include the

failure rate for each failure mechanism. The allocated and estimated relia-
bilities for the component will be entered at the top of the first sheet of Design
Engineering Analysis, Figure 1. The latter values will be based on the summa-

tion of the failure rates of the mechanisms.

6.0 APPLICABILITY

6.1 An FMA shall be prepared as specified herein for each of the
following components and assemblies shown in the specification tree of the
NERVA Engine CEI Specification Part [ (Reference C).

6.1.2 Any subsystem or assembly which is not broken into lower

ticr components in the specification tree,

4

¢ -

r—
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CbLu, Apphicabihity {cont))

6.2 DRB

A preliminary system level FMECA componesat level FMA
will be completed by Reliability for DRB based or the DRB Reference Eagine
and Trade Study results., The Reference Engine will consist of component
concepts and preliminary layouts, Historical failure rate data and/or
qualitative techniques, such as Appendix A, will be used to obtain reliability
values for cach maode of failure. These data will be derated as appropriate
to account for differences in design or environments. The FMECA and FMA
modcel reliability va’''es will then be combined in mathematical models to
compute engine system reliability, Detailed procedures for preparation of the
system FMECA will be documented in NRP 300,

6.2.2 PDR

——

6.2.2.1 Engine PDR

Revise DRB system level analysis and add system effects
and criticality analysis, Include any revised reliability values obtainea from
available component FMECAS.

6.2,2.2 Component PDR

Compilation of component failure modes, in accordance with
this procedure, will be completed for PDR, based on the candidate design
evolved to meet the requirements set forth at DRB., ilistorical failure rate
data may be utilized at the component level with appropriate derating factors.
Stregs and strength approximate calculations will made, where possible,
assuming nominal values and variance where the variables data are not
readily available. A detailed review of each failure mode will be made by the

various program technical disciplines to verify failure mode identification and

Pl .~

Sl e
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6.2, PDR (cont.)

probability of occurrence. A parallel effort will be made during and subsequent

to the PDR FMA iteration to develop detailed procedures for calculating
reliability and, where applicable, to develop computer programs which will

calculate stress.

Those failure modes considered critical to mission success
will be clearly identified and those which have been eliminated will be docu-

emnted with supporting analysis by the program specialists.

6.3 FQR
(TBD)
6.4 FACI
(TBD)
7.0 RESPONSIBILITIES
7.1 ENGINEERING
7.1.1 The rognizant design organization will be responsible for

the following:

7.1.1.1 Initiating failure mode analyses as soon as candidate designs

havc been sketched in sufficient detail for study.

7.i.1.2 Preparation of Figure 2 of the component FMA and updating
and expanding these analyses for surviving candidates as the sophistication of

the design increases.
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7.1. Engineering (cout.)

7.1.1.3 Assessing implications of reviews by various program
specialties and initiating design changes iis appropriate to eliminate unreliable
fratures disclosed by the FMA, or conducting tests, as necessary, to assess

failure mechanisms for which no satisfactory analysis has been found.

7.1.1.4 Make decision as to which failure modes are to be used in

reliability prediction,

7.1.1.5 Determine when analysis is satisfactory for incorporation

into an R-202 for a formal design review.

7.1.2 Stress, Materials, Radiation and Thermal Engineering will

be responsible for the following functions:

7.1.2.1 Review each mode and mechanism of failure to determire
whether all input effects have been properly considered, what data are available

and what will be available to use in the analysis of failure modes.

7.1.2.2 Add failure modes and/or mechanisms of failure which have

been overlooked.

7.1.2.3 Modify failure modes and mechanisms to refiect data

available to their particular specialty.

7.1.2.4 1ldentify or emphasize problems associated with each

mechanism,

7.1.2.5 Define studies being done or needed intheir specialty area

which have a bearing on each mechanism of failure.

&
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7.1, Engineering (cont.)

7.1.2.6 ldentify data which is available or required to the analysis of

cach failure mechanism,

7.1.2.7 Summarize the results of their analysis on the Failure Modes
Worksheet, Figure 2.

7.2 RELIABILITY ENGINEERING
Reliability will participate in the failure mode analysis cycle
as technical consultants, coordinators and as auditors for overall adequacy.

To perform these functions, they are responsible for the following:

7.2.1 Provide training to all program talents on failure mode

analysis techniques.

7.2.2 Prepare procedures for means to predict reliability from all

types of failure modes.

7.2.3 Assist designers in initial preparation of failure modes and
mechanisms.
7.2.4 Coordinate analysis by program specialists and assist as

necessary to assure comprehensive studies in all areas.
7.2.5 Conduct effects and criticality analysis,
7.2.6 Recommend to designers failure modes which should be used

to assess reliability, procedures to be used for reliability assessment and any

required testing.

W
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7.2, Reliability Engineering (cont. )

7.2.7 Approve FMA after Design has submitted it for incorporation
into Data Item R-202.

7.3 QUALITY ENGINEERING

Quality Engineering will be responsible for the following:

7.3.1 Review of applicable failure mnodes and mechanisms for
i adcquacy.
!
3 7.3.2 Evaluation of available quaiity control methods for detecting/
L preventing the occurrence of each failure mechanism.
7.3.3 Development of new methods and improvement of existing

methods of quality control when the FMA indicates such action will improve

the reliability of a part of component.

7.3.4 Documenting their evaluation on an FMA worksheet.

7.4 SYSTEMS ENGINEERING

Systems Engineering will be respounsible for the following:

7.4.1 Review of each failure mode and its effect upon the system.
7.4.2 Assure all requirements have been considered in the analysis.
7.4.3 Look for system interaction effects which require additional

analysis at the component level,

7.4.4 Assure all interface effects between components have been

properly considered. -
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TABLE 1

NRP 301

FACTORS AFFECTING FAILURE INDUCIN: STRESSES

Factor

Pressare
1.1 ‘Trausient Conditions
i.1.1
1.1.2

Undirectional

Cyclic
1.2 Steady State Conditions

1.,2.1 Positive pressure

1.2,2 Zero pressure

Lincar Acccleration/Deceleration

2.1 Solid Parts

2.2 Liquids
Weight

Vibration
4.1 From rotating parts
4.2 From reciprocating parts

4.3 From external mechanical
sources

4.4 From external acoustical
sources

Flow of Fluids

5.1 Gases

5.2 Liquids

Ay

l‘

Affect on Stress

A direct cause of stress, usually

tensile, but may cause other types as

a result of interaction of parts.

1.1,

1.2.2 "Welding immobilizes moving
parts at high vacuum
2, (a) Loads imposed = f (mass and

2.2

2 (a) Cyclic loads may cause
fatigue stress.
(b) Amplifying effects at

resonant frequencies of part(s).

acceleration)

(b) Impact effects of rapid deceleraiion. ,

(a) Impact effects when liquid flow
suddenly stopped by valve closing.

Stress from supporting weight of
parts and contents,

(a) Increases fatigue stress
(b) Amplifying effects at resonant
frequencies of parts, assemblies,

Fluids will erode containing material
when flowing at high velocity or when
direction of flow is changed abruptly,

(s

"
Fl
3




6.

Thermal Environment 6.
6.l Transient Conditiona
Heat input
Heat removal

Cyclic changes

6.2 Steady State Conditions
High Temperature
Lowv Temperature
Heat Transfer

6.3 Sou:rces of Thermal Effects

LH, flow
GH, flow at high temperature

GH_; flow at moderate
temperature

Nuclear radiation and
interactions

Solar radiation
Friction radiation to space
between moving parts.

Manufacturing Factors

7.1 Dimensional Variation 7.1
7.4 Surfacc Finish 7.2,
7.3 l.ack of lubricant

. Scratches, gouges and nicks 7.4,
7.5 Lack of corner radius
7.6 Welding Errors 7.6
7.7 Contaminants 7.7
7.8 Assembly Errors 7.8

NRP 301
Table I, Page 2

(a) Thermal expansion/contraction

applies stress to localized areas

causing bending, etc.

(b) Differential thermal expansion/
contraction between adjacent parts

due to material differences.

(c) Differential expansion/contraction
between adjacent parts due to ‘
temperature differences. .
{d) Corrosion rate is a function of
temperature (see item 8.1),

(e) Gas pressure and resulting stresses
are a function of gas temperature.

Causes variation in load bearing area.
load

Stress = ating a7ea

7.3 Frictional effects on moving
parts.
7.5 Stress concentration on sharp
corner provides and origin point for
failure, .
Undercutting, etc., reduces load
bearing area
Blockage of fluid flow effects
pressures
Various effects depending on the
assembly details. Examples: 7
(1) Excess torque over-stresses bolts. 1.
(2) Omission of parts increases loads
on other parts,

N
Q\’
e I
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8,

Chemical Factors

8.1

8.2
8.3
8.4

Corrosive Materials
8.1.1 Marine air
8.1.2 Acidic vapors
8.1.3  Alkaline vapors

8.1.4 Residual materials
from cleaning
operations

8.1.5 Moisture
8.1.6 System fluids
Solar Radiation
Nuclear Radiation

Sublimation in Space

8.1 Corrosion reduces load bearing
area, increasing stress. Corrosion
rate is increased by stress,

8.2, 8,3 See '"6. Thermal Factors."

8.4 Reduction in load bearing area

NRP 301
Table I, Page 3

increases stress.
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TABLE II
FACTORS AFFECTING FAILURE RESISTING STRENGTH

Factor Affect on Strength
Vibration 1. Reduces resistance to fatigue failure.

From Rotating Parts

1
1,
1

Wt -

From Reciprocating Parts
. From External Mechanical
Sources
1.4 From External Acoustical
Sources
Thermal Environment and Ir:adiation 2. Causes changes in material properties:

2.1 Transient Conditions

- 1
(3) Strength = f (-mpm)

2.1.1 Heat input (b) Ductility = f (temperature)
2.1.2
2.1.3 Cyclic changes

2.2 Stcady State Conditions

2.2.1 High temperature

Heat removal (c) Impact resistance = f (temperature)
(d) Plastic flow = { (temperature)
(e) Annealing effects of high temperature

(f) Electrical resistance = { (temperature)

2.2.2 Low temperature (g) Electrical insulation breakdown
2.2.3 Heat transfer Effects may apply to entire part or to
localized areas, Parts may be at
uniform temperature or a gradient
may exist.
Manufacturing
3.1 Dimensional Variations 3.1 through 3.4

3.2 Surface Finish
3.3 Lack of Lubricants
3,4 Contaminants

Frictional heating reduces
strength and permits galling

3.5 Moctal Forming 3.5 Cold working increases strength and
may cause directional differences in
material strength.

3.6 Welding 3.6 Annealing effects in heated areas.

3.7 Heat treating/annealing 3.7 Modifies physical properties

3.8 Electrolytic cleaning 3.8, 3.9 Hydrogen embritticment

3.9

Elcctrolytic plating

[,
.

g
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Table 11, Page 2

3.10 Assembly Errors 3.10 Various effects depending upon
details of the assembly, Exa.mp,ie::
(1) Torque on bolts affects ability
of gasket to prevent leaks
(2) Allows heat to contact area not
designed for such,

Chemical Factors

4.1 Nuclear Raaiaiion 4.1, 4.2 Chemic’l changes caused by
4,2 Solar Raciation radiation. For thermal effects
see Section 2 above.
4.3 Hydrogen Absorption 4.3 Hydrogen Embrittlemetlxt.
4.3,1 During manufacturing Chemical reaction of carbon and
4.3.2 During use hydrogen.
Material Variability 5. Physical properties vary as a
5.1  Within a part result of variations in:
5.2 Within a material lot (a) Material composition
5.3 Lot to lot (b) Material manufacturing processes,

(c) Part/assembly manufacturing
processes (see Section 3 above).
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MEMORANDUM

T0: L. P. Burke . DATE: 16 July 1969
7850 :M021.6
FROM: T. W. Klinefelter
SULIKCT': Iiterature Search on Electronic Control System (EPIC)
Failure Rates

LTSTRIBUTION: M. Musgrove, J.T.R. Wilson, Section 7850 Personreli

THCTOSURK : (1) Project Mercury Altitude Con..ol Subsystem Feliabilis:
(2) Atlas "D" Reliability by System

INTRODUCTTON

In order to provide background information for the design of the I IZRVA

Elcctronic power and Instrumentation Control System (EPIC), a literature

search was conducted to provide system level fuilure rate data.

SCOPE, OF STUNY

The following summary lists the material reviewed to date:
Reviewed approximately 200 report abstracts from the following souries:

1. Nuclear Science Abstracts - 1964 to present
2. Scientific & Technical Aerospace Report Abstracts 196L - present
3. Reliability Abstracis & Technical Reviews 1966 - Present

Reviewed 451 citations from NASA literature scarch #8554 - "Reliability of
Missile Electronic Instrumentation and Control Systems"

Reviewed 106G citations from DDC literature search #12632 - "Control "vstcms
Reliability and Failure Data"

Reviewed the following reports distilled from the above sources:

1. Design for Space - Veh. Control System Reliability

2. Rel. Study Equip. & Comp. in Nuclear Power Plants

3. Rel. Summavy Reports (Gen.Nyn) Oct. 1961

4, Semi. Anmual Report on Prod. D:sign & Nel. Studies for Airborne Flect. Pact.
5., WS-107A-L Rad-Inert. Guidance Syst. Fil Sum. Rept. #9

6. HKesearch & Feas. Study to Achicve Rel. in Auto Flt. Control Systems

7. The Reliab. of the Lunar Orbiter Power System

TR et
T e
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L. Burke -2- . 7850:40216
8. Reliub. Anul. of Modular Power Co;lditioninc and Control Systems for
Ion Engines

9. A Reliability Study of a Nuclear Reactor Pressure Monitor Coincidence
Trip Ssstem. )

17, A Contrel System Study for an in Core Thermionic Reactor

1'. ¥Final Report of the Able Star Reliability Program

1.'. Impact of Equipment Lifc Characteristics on Missile Test Planning

13. ORNT, - Inctrum. & Controls Division Annual Progress Rept. - 1 Sept. 1966
1k, Fval. Methods & Ways for Increasing the Reliab. of Auto. Control Res.

1%. Tri-sufe Single Axis Control System - Final Report

16.  Self Organizing Control of Aircrafi Pitch Rate & Norm. Accel. - Final Rept.
1i. Relimb. Fred. & Demo. for Airborne Electronics

18. Applic. of Redundancy in Saturn 5 Guid. & Control System ,

19. Reliab. Contrib. of the Pilot to a Large Launch Vehicle Control System

Q0. Power Cornditioning Reliability Improvement Through Standby Redundancy
and Automatic Failure Detection

21. Klectrouic Component Vibration Sensitivity

2. The State of the Art - Instrumentation & Controls

. 4. Failurc Eate Compar. based on Mariner Mars - 1954 Spacecraft Datu
24. Reliab. Screening of Electronic Comp.

?5. Flight Vehicle Power Systems Reliab. Criteria

26. Methods of PI'redicting Combined Electronics and Mcch System Reliab.
2f. Syustem Keliab. Prediction by Function

28. A Reliab. Model and Anol. for Project Mercury

29. Industrial Electronics Control

30. NASA Control System Research

31. FKReliability Trend Indicators WS10TA-1 Program

3. Martin Co. Reliability Status Report

33. Summary of Titan Vehicle Anomalies

% Sce knclosure (1)
% See Fnclosure (2)

R¥SULTS

A review of the above lisled sources yielded two sunples of system failure rate
Gala These data are presented in Enclosures (1) and (2). oy
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TO:

FROM:
SUBJECT:
COPIES TO:

ENCLOSURES:

As rcquested, anticipated reliability participation in subject program is
presented in Enclosure (1). Commients to the first draft of subject imple-
mentation plan are included in Enclosure (2).

M EMORANDUM

J. Goldin* DATE: 12 August 1969
7850:M 0250
R. E. Lavond*

Trend Data Program

J. J. Beereboom*, W_M. Bryan*, B. Mandell?,
J. H. Ramsthaler*, F. H. Wark*, D. W. Whittlesey®*,
7850 Personnel

(1) Reliability TDP Functions
(2) Reliability Comments to Phase [ of the Trend
Data Implementation Plan (To * only)

ezt

R. E. Lavond

Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CATEGORY
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Enclosure ()
7850:M0250
RELIABILITY TREND
DATA PROGRAM FUNCTIONS

Reliability will contribute to the identification of Trend Data Characteristics
irain those parameters identified, in the Failure Mode Analyses as critical
parameters, by Enginesring. Quality Assurance, Materials, Stress, Safety,
Systems and other contributing disciplines. Selected TDCs will be further
identified as to period of surveillance: a) through ground testing oaly,

b) through (light testing.

In cooperation with the above disciplines, Reliability will establish initial
limits for TDC identified. Analytical tools to assess and reassess trends
and trend limits will be developed and documented, and TDC limits will be
provided for input into suitable documentation along with necessary
analytical monitoring and surveilling techniques. Instrumentatioa require-
ments will also be established, at this time, in cooperation with Measure-
ment personnel.

As testing progresses, Quality Assurance will be responsible for securing,
recording, reducing and transmitting results of all TDCs as required by
specification, drawing or test plan. Any TDC falling outside established
limits will be noted on a separate "TDC" Inspection Report and transmitted
within TBD hours of the event per NRP 400 to Program Management, Systems
Department Manager, the Reliability Manager and the TDP Manager.

Reliability will act within TBD days to determine, coordinate and report back
on corrective action taken. Such actions will usually consist of checking

to definitely establizh a TDC out of control, checking the coatrol limit for
continued suitability, consulting with affected disciplines to scope the problem
and finally to choose the most appropriate course of action and initiate

corrective action,

S.¢



m ! “‘ "(
7850:M0250

RELIABILITY COMMENTS TO PHASE | OF THE TREND DATA
PROGRAM IMPLEMENTATION PLAN

. INTRODUCTION

The scopr and purpose of the TDP should be spelled out explicitly
n the introduction, such as: “The purpose of the TDP is to identify and
monitor selccted characteristics of the NNSS and its components as a means
ol detrcling trends which may indicate an adverse effect on the reliability of
the NNSS. The monitoring of these characteristics will be conducted through
all phases from raw malerial, processing of parts and assembly, shipping,
handling, storage, chechout and operation.

“Fo: the purpose of this program, trend data characteristics “TDCs"
wiil be selected. The TDCs are characteristics of the component or assembly
which when analyaed for trends wouid indicate changes such as deterioration,
wear, or changes in critical processes or procedures. Since the changes of
interest in this program are those which would indicate adverse changes in
reliubility, the TDCs can be thought of as reliability indicators. There are
two types of TDCs:

“A. A characteristic of an item which can be observed on the
same item at succeeding points in time 10 detect changes in the item, and

B. The characteristic of a class of items which can be observed
on items of the same type at a given point in time (i.e., part-to-part
variability).

"It is recognized that many characteristics could fall into both
calegories; however, the purpose of the trend data program is primarily to
obscrve those characteristics indicated under paragraph A. above, that is,
those which vary withir one particular component rather than part-to-part

5.7



variations. [t must be noted that the items falling under paragraph B. above

sre commonly considered to be quality controlled characteristics and as such

wi:ld not necessarily be incluied in the TDP program.

"To further clarify this poiant, it might be pointed out that trend data

vill include only the most significant characteristics ia which ch--3es can

indicate something about an item's probability of performing as required.

1t does not include the large quantities of quality coatrol data which are

rollected and snalyzed for trends in the normel menagement of a quality

control program.

2. Irend Deta Program Objectives

It is our understanding from the SNPO-C letter that there are basically

seven aspects of the TDP program and in that letter Mr. Schroeder spelled out

these seven as being primary objectives to the program. They are:

(1) Considerations in design;

(2) Cousiderations in fabrication;

(3) Coansiderations in test;

(4) Data collection;

(5) Data retrieval;

(6) Data analysis; and

(7) Feedback to design, fabrication, or test, as applicable.

As indicated in that letter, it was pointed out that items (4) and (5)

wvere adequately covered in the previous AGC proposal; however, the other five

items were not covered in enough detail. It is felt the purpose of the present

implementation plan is to discuss these requirements and to indicate how each

will be satisfied.

It is not necessary to spell out in this section the

3.5
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responsibility and schedule for sach task; however, a brief list of typical
tasks, such as failure mode analysis, identification of critical character-
istics, assessment of measurement capabilities, etc., should be included and
referenced back to Figure 2, the Task Tabulation, included with the prelimimary

Implementation Plan.

3. Definitions

It is recommended that definitions be moved from Section 4 to Section 3.
It is necessary that the various terms be understood before reading this plan.

The terms and definitions given are too general and are not explicit enough

for this plan.

4. Trend Data Program Phases

This section of the implementation plan appears to be adequate for a
first draft. I would not at this moment make any suggestions for changes
other than to comment that the language used will have to be changed to

remove the familiar tone conveyed in the present draft.

S. Implementation Plan

The general comment on this section which was called Section VI in the

draft, is that five requirements have been identified here. These are essentially

the five items that came cut of our previo;xs working group. It seems imperative
that we tie these {ive items dack to the basic seven requirements of the

SNPO-C letter so that we cen show a definite tie-in between the two and show
how we plan to meet their requirements; otherwise tlicre appear to bz some gaps

between what we are planning to do and what was requested by the Custouser.
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It's a little difficult to correlate the five items listed with the
seven requirements and to really have s wars feeling that we have covered
every item requested. What seems to be required here is that each of the
seven items previously mentioned be spelled out in detail so anyone
reading this document would understand, st lesut in a general way, what the
intent was, hov ve are implemsnting such things as the identification of the

initial trend data characteristics for systems, subsystems, etc,

6. Tread Data Program Features

In this section, basically we should describe in detail the operation
of eaci: organization; that is, how it operates presently within NRO, and how
these department's organizations or disciplines will interface with one another
80 as to accomplish the various tasks (the seven requirements as spelled out
by SNPO-C) of the Trend Data Program. It must be shown how design engineering,
quality and other disciplines interface with one another, hov a component or
system {s looked at, by whom, who decides what things are critical, how critical
parameters are Jefined, how these are resolved into a final discrete list of
critical characteristics to be monitored throughout the program, how these
critical characteristics are monitored from conception stage to flight,

what data will be collected, how it will be collected, and how it will be

-y

controlled, who is responsible for determining the documentation method and

how those pieces of data which are not considered critical characteristics

Y ——
. .

will be separated from those that are critical characteristics. Then,

it is felt, the customer will be able to understand the AGC-NRO method of

implementing this program.
Q . /0
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7. Fi‘ure 1 « Flow Chart

No comments,

8. Figure 2 - Task Tabulation

The column headed "Schedule" should read "Schedule - Days Before
PDR", and within the body of the table, remove all "PDR" references.
A general suggestion would be that instead of the five items being shown,
the seven items stipulated by SNPO-C again be spelled out so that our
implementation and compliance with those requirements will be made clear.

Our general concern remains: nowhere have we stated the relation-
ship of this program to the NERVA Program Plaa, Reliability Program Plan,
Quality Program Plan, and all the other aspects of the existing NERVA
Program, which could be iiupacted by the Trend Data Program. It is
necessary somewhere (and probably in the scope of the statement) to indicate
exactly what this relationship is: i.e., is the Trend Data Program an
extension of the existing NERVA Program, or does it fall within the scope
of that program? It would appear desirable to spell out in some detail the
responsibilities of, and the responsible individuals on this program, and
exactly how this program will be handled from a priority standpoint. It
may be necessary to stop NERVA testing because some Trend Data parameter
cannot be monitored. How would this impact the overall program? 1t is
suggested that this be spelled out so that the Customer will know exactly
what costs are involved in the overall program.

The current reliability commitment is to complete Failure Mode
Analyses 30 days prior to PDR.

=77
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JOJ. Beel‘eboom. wnMc Bl‘y‘n. J.L. DOOI“\‘. R.v. EVlOﬂ\. B.M'dV\dGu.
A.T1. Mihanovich, D,E, Price, J,H, Ramsthaler, G.L. Ryland, W.0. Wetmore.

WV .F, Herwig (AGC -Washiglton), W, L. Snapp (AGC-Cleveland), CAD Files
ROUTING LIST
Povvoe NITIAL DATE
eereboom 44
vieth
L. 1}V
rhogh ] 512 26 August 1969
g - ¥ 4 7850: L0252
Mr. D. Gabriel o

AEC-NASA Space Nuclear Fropulsion Office
U. 8. Atomic Energy Cemumiesion
Washingwon, D, C. 2034S

Attention: Col. R. §. Decker
Subject: Review of '"Confidence Level in Systern Reliability Estimates"”

Referencet (a) SNFO Memo, R. S. Decker to AGC, J. H. Ramsthaler,
dtd 18 July 1969, Same Subject

Dear Mr. Gabriel:

A review has been made of the report "Confidence Level in System
Rellability Estiinates" which you transmitted. The report represents an
interesting approach to the problem of confidence interval estimates
associated with systemns, and supports our current approach of coacentrating
on developing confidence at the failure mechanisin level. The subject
1aethod indicated that, contrary to the Lloyd and Lipow "apportion.nent
wethod", our approach is conservative and that if we assure 90% confidence
at the part mechanisin level, the overall system confidence level will be
considerably higher than 90%.

It {s felt, however, that the general application of the results of the
report are unneceasarily restricted by the assumptions made concerning
normality. The attached enclosure presents some possible suggestions for
obviating these restrictions and making the analysis in the report more
general. Utilizing these suggestions, it is felt that the sa.ne conclusions
would be derived.

Very truly yours,
AEROJET-GENERAL CORPORATION

Original Signed By

N, O. Wwetmore
Manager
AJM:bjd Nuclear Rocket Operations

Enclosure: (1) Cominents and Suggestions to '"Counfidence
Level in System Reliability Estiinates'

cc: Dr. L. Nichols, SNPO-C
M: ‘4. M. Carness, SNI'O-C Res. Rep. at Sacramento
Mr . Horton, WANL
M » Wagner, VANL g‘: /2 CUASSIHICATION CATCGORY

UNCLASSIFIED
S Pgar T2,




" Enclosure (1)
7850: L0252

COMMENTS AND SUGGESTIONS TO "CONFIDENCE LEVEL
IN SYSTEM RELIABILITY ESTIMATES"

The analysis performed in the subject report was based on several assumptions.

These iucluded the following:

1. The distribution of the estimated reliability values for each cf the

componer.is was normal.

2, The system reliability, estimated as the product of the component

reliability values, is also normally distributed.

With reference to assumption 1, above, the distribution of the estimated relia-
bility values for any sample size would probably approach normality only if the
truc component reliability was approximately 0.50. Since generally components
with true reliability values greater than 0.99 are utilized, the distribution of
cstimated component reliability values is bighly skewed. The skewness does,

however, decrease with increasing sample size.

Assumption 2. above is not a true general statement. Even if R, and R, were

normally distributed, the product Rl * R2 is not necessarily normal.

The above assumptions restrict any general conclusions which could be derived.

To resolve this, the following suggestions are offered:

1. Consider the use of the Tchebysheff inequality to derive the confidence

statements,

a. Under this approach, the only restrictions imposed on the

distribution of R1 and R2 is that they have finite means and variance,

37/3
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7850:1,0252

The Tcheuvysheff inequality states that under these restriciions of finite mean

and variance
A > e 1
Py a| 2xme L
K
where:
K>0

this inequality holds for any distribution with finite meaa and variance. Use
of this inequality permits any value of K to be selected for each component to
produce any desired confidence level, 1 - -—1-2-. This obviates the necessity for
assuming normality for either of the complénents. The confidence intervals
for R, and R, would still be Rl - K, and R, - K, respectively as indicated
in the report.

b. The distribution of Rl RZ would also be unrestricted, except
for {inite mean and variance. The confidence interval for this distribution
could be expressed as Rl "R, - X 4,, where che confidence level associated
with X would be a:s given as the Tchebysheff inequality.

C. Use the general distribution free formula for 12 rather than
the formula used in the report which is only valid for normally distributed

variables, The following formula could be used:

) 2w 2. 2w2
12" rjf‘l R,"+ "R

d. Follow the same argument as that presented in the report to

arrive at very similar conclusions,

2. As an alternate to the Tchebysheff inequality, the Camp-Meidell
Inequality could be utilized.

a. Under this approach all distributions would be assumed to be

unimodal with finite mean and variance. In addition, it would be necessary to

S, /¢S




-3- Enclosure (1)
7850:L.0252

assume that the mode of the distribution is within ¢ of the mean (i.e., the
skewness as measured by (mean-mode)/6 would be irss than or equal to 1).

This incquality states that

1
P(|y "‘lax"\)‘f"z.zs)c'
b. The use of this inequality would result in narrower coenfidence

intervals, which is really of no importance to the argument. Subsequent steps

would be identical to those suggested above.

Since it appears that the conclusions reached in the reference report would be
unchanged by the incorporation of the above suggestions, . .e assessment tech-
niques presently planned for usc on comgonents in the NERVA Program would
be cxpected to produce conservative resulis at the system level. As such, the

NPRD confidence requirements for reliabilily assessment would be satisfied.

o
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MEMORANDUM

LO: R. G. Ackerman DATE: 23 September 1969
7850:M0285

FROM: A. J. Mihanovich

SUBJECT: Nozzle Tube Thermal Fatigue Test Plan

COPIES TO: J. J. Beerecboom, W. M. Bryan, D. Buden,

E. V., Krivanec, J. H. Ramsthaler, E. A. Sheridan,
L. A. Shurley, F. C. Valls, J. L. Watkins
NTO: W. H. Bushnell

REFERENCE: (a) Technical Directive No. 28, Criteria and Materials
Properties Data Book and Design

ENC LOSURE: {1) Statistical Test Plan -- Nozzle Tube Thermal
Fatigue Evaluation

The purpose of this memorandum is to formalize verbal agreements
reached concerning a test program to determine thermal fatigue properties
of the NERVA nozzle tubes.

A proposed statistical test plan is presented in Enclosure {1}. The test
plan consists of a series of tests-to-failure conducted at various combinations
of tube R/t ratio, tube wall temperature, and hold period duration. To comply
with customer direction, the plan has been designed to satisfy the requirements
specified in Reference (a). In addition, the plan has been designed to permit
preliminary analyses based on partial completion of testing and test plan
ro-direction or modification as a result of the preliminary analyses.

43 - J\nmw. I

A. J. Mihanovich

Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CATEGORY
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7850:M0285

STATISTICAL TEST PLAN

NOZZLE TUBE THERMAL FATIGUE EVALUATION

I. INTRODUCTION

The coolant tubes utilized in the NERVA nozzle consist of U-shaped
passages attached to ihe nozzle wall. The material from which the tubes are
fabricated is CRES 347 stainless steel sheets. Since LH, flows through the
tubes while the external walls of the tubes are exposed to the hot gases flowing
through the nozzle, a temperature gradient is established across the tube wall.
If the tubes are subjected to thermal cycling while exposed to a sufficiently high
temperature gradient, tube rippling, followed by tube buckling, and eventually,
tube cracking could occur.

-

A statistically designed test program has been proposed to evaluate the
susceptibility of the current tube design to this thermal fatigue phenom:.enon.
A secondary purpose for the test program is to establish the estimated "“critical"
R/t curve for CRES 34/ stainless steel. This curve theoretically defines, as a
function of the tube temperature gradient and tube R/t ratio, the region wherein
thermal fatigue can be expected to aucur.

Il. METHOD OF TESTING

For each test condition, the test item will consist of a bundle of 6 U-tubes
mounted on a one-inch thick steel plate. Nozzle temperatures on the exterior of
the tubes will be simulated by using a Quartz lamp mounted above the tubes.

Bulk flow temperatures within tl.e tubes will be simulated by flowing LH, at the

appropriate pressures through the tubes.
1II. TEST PLAN

An estimated "critical” R/t curve fcr CRES 347 stainless steel has been
postulated. This curve (Figure 1), in conjunction with the dimensional specifica-
tions and expected operating regimes of the curreat design, formed the basis for the

S.77
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P Enclosure (1)
7850:M0285

111, Test Plan (cont.)

test plan. As indicated by the curve, it can be expected that increases in R/t
rativ and/or tube temperature gradient, AT, result in increasing propensity
toward tube rippling, buckling, and cracking. Although this curve is theoretical
and as such only an imprecise estimator of the true critical R/t curve, it
serves a useful purpose as an initial basis for the test plan. The test plan was
designed, however, so that it can be readily modified in process il ihe initial

assumptions {(location of the curve) proves to be significantly in error.
The primary influencing variables to be evaluated in the testing include:

a. Tube temperature, AT, designated as T.

b. Tube R/t ratio, designated as R.

c. Duration of cycle (hold time at specified test condition), designated
as H.

Three levels of tube temperature AT will be evaluated: 1350°F, 1525 °F,
aud 1700°F. These temperature levels bracket the current design point AT of
1400°F.

Three levels of tube R/t ratio will be evaluated: 23.7, 18, and 12, The
current design point R/t ratio of 23.7 is included in the group.

In additio:., three levels of hold time at specified AT will be investigated.
These include: 5 min., 15 min., and 30 min. These hold times generally
bracket the thrust times anticipated for currently proposed NERVA missions.

The response variables of interest at all of the test points are:

a. Total accumulated cycles to tube buckling.

b. Total accumulated tirne to tube buckling.
Total accumulated cycles to tube cracking.

d. Total accumulated time ‘o tube cracking.

m ot Eaaalien S e E o ww k- il ¢ v — it s £ PR " 2
! TN i i il - .
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7850:M0285

111, Test Plan (cont,)

The proposed test matrix of 45 tests is presented in Tatle 1. Each
test will consist of repeated cycling at the specified test conditions. Testing
of each test unit will be termiated at the point at which a single tube of the
bundle of six exhibits cracks or 50 cycles whichever occurs first. The 50 cvcie
test truncation point has been selected arbitrarily as a reasonable maximum

number of cycles to which a test specimen should be exposed.

The test points were selected so that a statistical analysis of the
resuitant data could be performed. In addition, the tcst plan has been designed
to satisfy the requirements of Technical Directive No. 28, Criteria for Materials

Properties Data Book and Design. The vertinent requircments were that:

a. Mean values for each leve! of 2 primary variable (in this case -~
R/t, AT and hold time) must be determined from at least 8 values,

b. Estimates of the random variance for the measurement of interest

must be determined from at least 15 degrees of freedom.

The first requiremert was satisfied by establishing a balanced factorial
type experiment. The second requirement was satisfied by providing for repli-
cation at six of the test conditions and assuming that the random variation would

be homogeneous over all test conditions.

The testing has been designed so that preliminary analyses may be
performed following the completion of a portion of the tests. The preliminary
analyses will permit decisions to be made as to whether to continue the testing
as originally planned, or whether to changz the test levels of subsequent tests,
or whether all of the replication initially planned is required. In addition, it is
planned that the test conditions judged to be most severe should be conducted
first. If the cycle lifes observed on these most severe conditions closely
approach or exceed the 50 cycle truncation point, then the succeeding less severe
tests should be revised since the results of the less severe conditions could be

expected to exceed 50 cycles.

- -
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-4 - Enclosure (1)
7850:M 0285

IvV. METHOD OF ANALYSIS

Tu. test data resulting from the testing will be initially analyzed by
Analysis of Variance techniques. The analysis of variance will permit the
statistical evaluation of the effects of the main test variables (tube R/T, AT
and hold time) and their interactions upon tube life. In addition, an estimate
of the random variation in tube life at any test point will be available. The
anticipated analysis of variance table with a listing of the sources of variation
and associated degrees of freedom is given in Table 2. It should be noted in
Table 2 that 18 degrees of freedom are associated with the error or random
variation, thus complying with T.D. #28. It is expected that some ¢ the iner-
actions terms may prove to be negligible, and their degrees of freed. .n may be
combined with the error degrees of freedom to provide even more degrees of

freedom for the error or raadom variation.

The time/cycles to buckling (for all six tubes in the bundle) and to
cracking (only for the first tube in the bundle to crack) will be . corded at each
test condition. The result will be response surfaces relating R/t ratio, AT,
and hold time plus any significant interactions among these to tube life in terms
of either buckling or cracking. The response surface can be used to evaluate
the accuracy of the curve presented in Figure 1. In addition, the response
surface can be used to estimate nozzle tube reliability at each of the test points.
Assuming a mission requirement of ten thrust cycles, the probability of com-
pleting ten cycles without failure can be calculated using the test results at each
of the test points. For example, based on the test results, an expected life can
be estimated at each test point. Assuming cycles to failure are normally dis-
tributed and using the random variation to estimate the standard deviation of
cycles to failure, the area under the failure distribution to the right of 10 cycles
provides an estimate of the reliability of a nozzle tube designed to the specification

defined by the test point. This is graphically presented in Figure 2.

Finally, if reliability values are calculated at each of the test points,
as described above, a reliability response surface can be defined. This surface
would provide estimates of nozzle tube reliability as a function of R/t ratio,

tube temperature AT, and cycle hold time. -~

23.20 .




Enclosure (1)

7850:M 0285
Table ]
PROPOSED TEST PLAN
Cycle Tube R/t Ratio
Tube Temp. Hold Time

AT (°F) (Min. ) 23.7 18 12
, 5 XX XX X
y 1350 15 XX XX X
; 30 XX XX X
: 5 Xx XX X
1525 15 .o ¢ XX X
30 XX XX X
5 XX XX X
1700 15 XX XX X
30 Xx XX X

NOTE: Each X in the z.bove table indicates one tube bundle
tested to cracking or 50 cycles, whichever occurs
first.

3./
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Table 2

ANALYSIS OF VARIANCE TABLE

Source of

Variation

Main Effects
R/t Ratio, R
Tube Temp. AT, T

Cycle Duration, H

Interactions
RxT
RxH
TxH
RxTxH

Random Eifects

Total

Degrees of

Freedom

0 b b

18

414

-—— - —

Enclosure (1)
7850:M0285
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MEMORANDUM

TO: L. D. Johnson DATE: 22 October 1969
7850:M0306

FROM: A, J. Mihanovich

SUBJECT: Statistical Input to General Valve Test Program

COPIES TO: J. J. Beereboom, W, M. Bryan, D. Buden,

J. M. Klacking, K. P, Oldenburger, B. Mandell,
J. H. Ramsthaler, E. A, Sheridan, A, G. Spears
NTO: W. H. Bushnell

ENCLOSURE: (1) Inputs Submitted for Inclusion in the General
Valve Test Program

The attached enclosure formalizes the statistical inputs submitted to
Department 7770 for inclusion in the general valve leakage evaluation test
program being developed by Department 7770. The inputs include two test
plans -- one for preliminary Phase I testing, and a second for more detailed
Phase II testing. In addition, general writeups developed to suit the test
program outline prepared by Department 7770 are presented. These include
sections on Statistical Considerations, Statistical Analysis of Test Data,
Determination of Threshold Values and Allowable Limits for NERVA Values,
and Integration of Test Results to New Design Criteria.

The variables used in the test plan were defined by Department 7770,

In a previous attempt to statistically analyze seal data (the Apollo Bipropel-
lant Valve) additional variables were considered. These variables may
have a significant impact on sealing capability and thereby mask the effects
of the variables considered in the enclosed test plan., It is suggested that
careful consideration be givento the following variables, as well as others,
and that each be carefully controlled as constants or variables:

Seal load during cycling as well as during leak check.

Initial and final surface finish,

Temperature of seal retainer and seat.

Compression set of seal and/or closure,

Impact force of seal against seat.

Deflections of shafts or other moving parts under load.

It is recommended that the above factors be considered in the planned

revisions of the test program.
A pR L Ny F—a

CLASSIHICAGION CATEGORY | A.J .bl\;lihanovich
UNCL Reliability
LASSIFIED Reliability & Safety Analysis Section
. M, Nuclear Rocket Operations
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Enclosure (1)
7850:M0306

1. TEST PROGRAM DEFINITION

A. STATISTICAL CONSIDERATIONS
l. General

In any test program where the effects of a large numbei
of variables are being investigated, a systematic procedure is mandatory to
assure meaningful results, In the past, one common experimental approach
has been the so-called ''one at a time' approach. This kind of experimentation
would study the efiect of, for example, varying the first variable at some
constant level of the second variable. Then the effect of varying t'e second
variablc at some constant level of the first variable wouid be studied. Thus,
factors would be varied ''one 4t a time'". The results of such an experiment
are fragmentary in the sense that one has learned about the effects of the
variables only at fixed levels of the other variables, However, there may be,
in statistical language, an interaction effect between the two factors within the
range of interest, and the ''one at a time'' procedure does not enable one to
detect it. Statistical test planning methodology provides a comprehensive

procedurc for resolving this problem.

In general, statistical test planning concepts provide a syste-
matic and mathematically sound basis for the following:

a. Specifying test objectives to assure that the purpose of
the testing can and will be satisfied,

b. Analyzing the methods of testing to assure that variations
extrancous to the testing planned will not confuse the test results,

c. Selecting the test condition so that the effects of the
variables under evaluation and their interactions can be estimated, and

d. Defining prior to the start of testing, the methods for
analyzing the test results,

3. .26
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11. A, Statistical Considerations (cont.)

As a result, statistical test design principles were utilized

to define the general valve test program.

2., List of Variables

The variables of interest in the valve leakage evaluation test
. program include the following:

a. Velocity of particle contaminants

Quantity of contaminants

Valve seat angle

Seat contact width

Contaminant particle size

- 0 A n P

Contamination rate

Temperature of medium

P"GQ

Contaminant particle hardness

i, Seat/seal material combination

If two levels of each of the above variables were selected for
investigation, a total of 29 = 512 tests would be required to test at all of the
possible combinations of the nine test variables. Conducting such a volume of
test would not only be prohibitive from the cost standpoint, but it would also

" rcsult in a highly inflexible test program with no opportunity to revise tests
scheduled for late in the test program based on initial test results., The proposed

test plan has been designed to obviate these problems.

3. Approach and Assumptions

Among the approaches that can be utilized to evaluate the

effects of large numbers of variables are:

a. Perform a broad preliminary survey of all of the s E
variables of interest. Analyze the results; then discard the variables concluded ' 4

to have insignificant effects on the test rcsponses. Conduct a more detailed test
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1I. A, Statistical Considerations (cont.)

program cf the surviving more important variables. Such an approach would
be bascd on the use of Fractional Factorials, whereby a fraction of the total
pussible tests are statistically selected for f)reliminary testing. The tests
arc selected so that the main variable and interaction effects can be evaluated.

These evaluations are then used to plan the subsequent tests in greater detail.

As an example of the magnitude of testing required
for the preliminary survey, assume nine variables are to b evaluated. A 1/4
fraction or 128 tests of the 512 tests possible would be required to permit

preliminary evaluations of all nine variables and their primary interaction effects.

b. The amount of testing required in approach a. above
can be significantly reduced if there is reasonable evidence to indicate that the
cffects of some of the variables are independent of the test levels of other varia-
bles (i.e., they do not interact). Phase I testing would then be a preliminary
evaluation of one group of variables, and a second phase of testing would be used

to evaluate the second group of variables at selected levels of the Phase I variables.

The approach selected for the valve evaluation is
approach b. In the initial Phase I (Table 1) seven variables would be investigated,
cach at two levels. These are particle velocity, particle quantity, particle size,
particle hardness, contamination rate, s3eal angle, and seal width, The other
two variables would be fixed at selected levels. In Phase Il (Table 2) the primary
design variables (seal angle and seal width) would be evaluated in conjunction with
contamination rate at cryogenic temperatures at three seat/seal configurations.
The particle velocity, size, quantity, and hardness would be fixed at levels

determined from Phase I results,

The critical assumption in this sequential type testing
is that the conclusions derived during the initial phases are valid for the other
test conditions utilized in the latter phases. For example, the effects of particle
hardness, evaluated during Phase I, will be based on testing the hard/hard
scat/seal combination. It is assumed that the conclusions concerning the particle
hardness at this seat/seal combination will apply to the other seat/seal combina-

tions.

S 28
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{I.A, Statistical Considerations (cont.)
Additonal assumptions made are as follows:
a, Each test response will be defined by a continuous
type variable(s).
b. The random variation will be constant over all test
combinations.
c. Since only two lev:ls are utilized for each variable,

the responses are essentially linear from one level to the next of each variable.

d. During Phase I *esting, a 1/4 fraction, 3, of the
27 = 128 possible tests, is proposed. The reduced testing was achieved by
assumiag that some of the possible interactions will nct occur. These are
velocity x sizz, velocity x rate, velocity x quantity, size x rate, size x quantity,
and rate x quantity. It is felt reasonable to assume that these interactions are
highly improbable. All othcr two-way interactions and the main effects of the

sc¢ven variables are estimable, however.,

Wherever feasible, the sequence of testing within a phase
will be randomized., This will minimize the effects nf extraneous variations

(such as day-to-day or test operator differences) which could affect the conclusions.
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V. ADAPTATION OF TEST RESULTS TO NEW DESIGN

A.  STATISTICAL ANALYSIS OF TEST DATA

The test plans developed for Phases I and II were designed so
that analysis of variance techniques can be utilized to analyze the test results.
The analysis of variance is a statistical computational procedure whereby the
total variation in a set of data (test results) is divided into meaningful parts.
For example, the total variation is divided into variations attributed to chaanges
in level of Variable A, B, C, etc., and changes in levels of A and B in unison
(interactions of A and B) etc. These variations due to the main variables and
their interactions can then be statistically tested to determine if they are in fact
rcal or could in reality be due merely to normal random variations generally
obscrved in a set of data. This is accomplished by estimating the amount of
change in response caused by changing from the low level to the high level of a
variable. This change in response is called the "effect' of the particular variable,
(For example, the effect of contamination rate is defined as the net change in
Icakagc caused by changing from the low level contamination rate to the high
level contamination rate.) This effect of the variable is then compared with the
amount of difference in response (leakage) which could be attributed merely to
L. st-to-test variations. If the effect of a variable is significantly greater than
the test-to-test variation, then the effect is judged to be real; however, 1. the
cffect is within the "range' of the test-to-test variation, then the variable is

not cousidered to have a significant effect upon the response (leakage).
In general, the analysis of variance will provide the following:

1. [Estimates of effects on the response of changing levels of

cach ol the variables,.

2. Estimates of the effects on the response of interactions of

the variables.

3. Statistical tests of significance to determine if these effects

arc real or could be due merely to random variation,

3.3 -

v e ekl ke wekm B s e dTme cemma w11t M T hetres e n s E T
3.




Semmo esorsn W B wmmn aeeas o

® @t wess = 0

-l -
Enclosure (1)
7850:MG306
V.A, Statistical Analysis of Test Data (cont.}

4. Estimates of the random variation in the data (test-t10-test
! variatio due to extrancous causes).

Normally, the random variation is estimated by conducting
' repeated testing at the same test condition and observing the variability in the
results. The standard deviation of this random variation is herein desigrated

‘ as Sw. The testing proposed in Phases 1 and 1l does not allow for any repeated

testing from which to estimate Sw. However, in analyxzing the results +f tests
| with large numbers of variables (such as in Phases [ and II), the analysis of
variancc procedure permits the estimation of the effects of high order irter-

‘ actions, e.g., the interaction among variables A, B, C, E, and F. The usual

assumption is that high-order interactions are physicaily impossible, and that
. the cstimates so labeled are actually estimates of the random variations. For
| the analysis planned, all third (three factur) and higher order interactions will

be used to estimate the random variation.

In addition, based on the above analysis, a mathematical
} model of the form presented below can be developed:

-

Y=M+K1A+l(zn+ -- -+Kj(A-B)+ ......
where: Y = response (for s‘nmple. leakage)

M = overall average response (average observed
leakage over all test conditions)

Ki = effects of the variables (these could alsc be
considered as influence coefficients for eachk
of the significiut variables and their inter-
actioas)

A, B, = levels of the variables, A, B, -----

(1

(-1 would refer to the low level, +1 would refer
. to the high level of a variable. For example,
-1 wo: ld refer to the lower velocity and +1 would

refer to the higher velocity)

This model can be used to predict the expected response for

~ various combinations of the test variables. Also, for each predicted response

at each set of test conditions, the random variation described in para. 4. above

and determined from the analysis of variance can be used to establish + limits

about the predicted response. For example, to predict the response at the low

3.3/
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V.A, Statistical Analysis of Test Data (cont.)

levels of variables A, B, and C and high levels of variables D, E, and F, the
values -1, -1, -1, +1, +1 would be input into the model (1) above for A, B, C,

D, E, and F respectively. The resultant valce, YN' would be the expected
response for this combination of variables. Although YN would be the expected
rcsponse for the specific test combination, the actual response would tend to
vary about this value due to random variations.

Assuming the responses are normally distributed and Sw
is the standard deviation of the responses developed from the random variation,
a distribution of responses about YN would result. The proportion of this
distribution within the specification limits for the resp.nse would give an estimate
of the reliability with respect to the specific response at the test levels utiliced.
Tais is graphically shown in the following figure.

Development of Reliability Values
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The area under the curve to the left of Sl would provide an
estimate of the reliability (probability of not exceeding the specification limit)
at the specific test variable combination.

B. DETERMINATION OF THRESHOLD VALUES AND ALLOWABLE
LIMITS FOR NERVA VALVES

Using the results of the statistical analysis described above, the
effects of the contaminant combinations (quantity, rate, size, hardness, and
vclocity) upon valve configuration could be studied. The relative capability for
each design configaration to withstand various levels of contamination could be
cstimated. These would establish threshold or allowable contamination limits

for cach design configuration. The most promising design configuration(s) could

S.32
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V.B, Dctermination of Threshold Values and Allowable Limits for NERVA
Valves (cont.)

then be selected for further ovaiuation. In addition for each configuration the
cstimated reliability values could be compared to required reliability values to
determine design acceptability from the reliability standpoint.

C. INTEGRATION OF TEST RESULTS TO NEW DESIGN CRITERIA

The ultimate use of the test results would be to suggest new
design criteria. For example, the threshold contamination values could be used
to establish control limits on permissible contaminants or would define the
filtering requirements. Since the relationships would be established between,
for cxample, seal width and leakage response, the test results would
indicate the magnitude of seal width which should be ccnsidered in subsequent
desipgn optimization. Similar analysis would apply to the seal angle. The effects
of the other test variab:es such as particle velocity and hardness should indicate
the design criteria requir =d to control these variables,

S.33
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PHASE 1 TEST PLAN
VELOCITY
Vl Vz
Size  _ Size
5 S, S S,
Rate Rate Rate Rate
Hardness Rl K2 1 2 _.lR _ZR _1![ Rz
H, X l X
H, X X
H) X X
H2 X X
H) X X
HZ X X
Hl X X
HZ X X
Hl X X
HZ X X
Hl X X
Hz X X
H1 X X
Hz X X
l--l1 X X
HZ X X
Table 1
.
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7850:M0306
PHASE 1l TEST PLAN
SEAT/SEAL. CONFIGURATION

) Seal Width Seal Width Seal Width

Seal Particle w, W, w. W, W, W,

AnElc Size 1 __£ __1_ _E __}_ _}_

l s, X X X X X X

' A S, X X

. S, X X X X X X
1

! S, X X X X X X

; A, s, X X X X X X

S, X x X X X

S, X X X X X X

= A, s, X X X X X X

S, X X X X X X

Table 2
SICAY
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MEMORANDUM

TO: A. J. Cianuszi DATE: 29 October 1969
7850:M0316

FROM: A. J. Mihanovich

SUBJECT: Review of Proposed Test Program - Physical Properties,

Young's Modulus and Poisson's Ratio

COPIES TO: J. J. Beerehoom, W. M. Bryan, D. Buden, C. W, Funk,
R. B. Glasscock, J. M. Klacking, B. Mandell,
J. H. Ramsthaler, E. A. Sheridan, 7850 Personnel
NTO: W. H. Bushnell

REFERENCE: (a) Memo, A, J. Gianuszi to I. L. Odgers, dtd 10-9-69,
Subject: Physical Properties, Young's Modulus and
Poisson's Ratio

ENCLOSURES: (1) Alternate Test Plan I
{(2) Alternate Test Plan I1

A review has been made of the test program proposed in Reference (a).
It is stated in Reference (a) that "It is believed heat-to-heat and within-heat
variations in E (Young's modulus) and s (Poisson's ratio) will be quite small
so that a minimum number of apecnnens will be tested'",. In addition, it is
stated that "These measurements and other statistical studies are expected to
indicate typical "three sigma' variabilities ,...".

The test plan, as preseanted in Table I of Reference (a), does not permit
an estimation of within-heat variations and only a cursory statistical analysis
can be performed to estimate the heat-to-heat variations, the effects of the
anisotropy and the effects of the heat treatment.

A more comprehensive statistical analysis could be performed if the pro-
posed testing is modified as presented in Enclosure (1) or (2). In Enclosure (1),
Alternate Test Plan 1 is presented. Under this test program, a total of 18
specimens from three heats would be tested (as oppossd to 16 specimens from
four heats in the Reference (a) test program. Alternate Test Plan II, Enclo-
sure (2), provides for testing 24 specimens from four heats. Both test plans
would permit a statistical analysis to be performed to estimate the effects of
heat treatment and anisotropy. In addition, estimates of heat-to-heat and
within-heat variations would be provided. If such information is desirable,
Test Plan II would provide a better estimate of the heat-to-heat variation than
Test Plan I since four heats are sampled rather than three.

If a statistical analysis of these variables is desired, it is suggested that
consideration be given to modifying the testing currently planned to .onform to
plans such as those presented in Enclosures (1) and (2).

3.‘I Mthanovxch
Rehab;hty
Reliability & Safety Analysis Section

Nuclear Rocket Operations :— 3 4
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ALTFRNATF. TEST PLAN 1
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ALTERNATE TEST PLAN II
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FROM:
+ SUBJECT:

X COPIES TO:

MEMORANDUM

J. L. Watkins DATE: 12 November 1969
7850:M0335
A. J. Mihanovich

Statistical Analysis of CRES 347 Forging Data

J. J. Beereboom, H. Bencnson, W, M. Bryan, D. Buden,

N. A. Coronado, W. 1. Emmons, C. W. Funk, R, B. Glasscock,
J. M. Klacking, C. K, Leeper, B. Mandell, I. L. Odgers,

J. H. Ramsthaler, E. A. Sheridan, L. A. Shurley,

H. W. Spaletta, S, A. Varga, 7850 Personnel

NTO: W, H. Bushnell

(a) Memo 7850:M0282, dtd 19 Sept. 69, A. J. Mihanovich
to J. L. Watkins, Subject: Preliminary Analysis of
CRES 347 Forging Data

(1) Tensile Specimens, S/N 27; Circumferential,
Axial and Joint Orientations, Yield Strength (KSI)
(2) Tensile Specimens, S/N 33; Circumferential,
Axial and Joint Orientations, Yield Strength (KSI)
(3) Tensile Specimens, S/N 21; Circumferential,
Axial and Joint Orientations, Yield Strength (KSI)
(4) Tensile Specimens, S/N 27; Circumferential,
Axial and Joint Orientations, Percent Elongaticon
(5) Teusile Specimens, S/N 33; Circumferential,
Axial and Joint Orientations, Percent Elongation
(6) Tensile Specimens, S/N 21; Circumferential,
Axial and Joint Orientations, Percent Elongation
(?) Statistical Analysis of Individual Forgings, Yield
Strength (KSI)
(8) Statistical Analysis of Individual Forgings,
Percent Elongation

A scrics of mechanical propertics tests have been conducted on tensile
specimens resulting from the sectioning of three nozzles forged from CRES 347,

: REFERENCE:
1 ENCLOSURES:
f

3

T

i Introduction

A statistical analysis has been performed on the results of these tests. The

mechanical properties analyzed include yield strength and percent elongation.
The purpose of the analysis was an attempt to develop 99% probability at 95%
confidence level (99/95) values for these properties to provide initial design data

T for CRES 347,

Data was available from three forgings - S/N 21, S/N 27, and S/N 33, 1Itis
. understood that S/N 27 and S/N 33 were supplied by one vendor while S/N 21 was
supplicd by a second vendor. The data analyzed is presented in Enclosures (1)
through (6). The results of a statistical analysis performed on a portion of this

data was prescnted in Reference (a). This report is a brief presentation of the
results to datc. A final report of thesc results and the results of additional

analyscs planned will be preseuted at a later date. ;-. ; "
‘ »~
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7850:M0335

Mecthod of Analysis

The method of analysis used is described in Reference (a). The basic steps
followed were:

a. For each sample of data at each temperature level at each orientation
for cach forging, the data was tested for normality. This was accomplished by
plotting the cumulative distribution of the data on probability paper and observing
whether that data was approximately linear. In those cases where the data was
Judged non-lincar, a logarithmic transformation was used to normalize the data.

b. Means and variances wecre calculated for each sample of data.

Cc. Test results at a common temperature, common orientation, and fron}
a common vendor were compared to determine if the within-forging variations (S
were statistically similar (homogencous). In those cases where the S were no
statistically different, the results of the two forgings were combined (pooled)

d. _ 99/95 valucs were calculated for all samples. These values are desig-
natcd as X-KS,

where: X = mean of the sample of data,

K = tolerance factor associated with 99% probabilities and
95% confidence, and

S = standard deviation of the data sample,

Results of the Analysis

The results of the yield strength analyses are prrsented in Enclosure (7).
The results of the analysis of the individual samples are presented on pages 1 and
2 of Enclosure (7). Since these analyses consider only the results at each individual
temperature, at each individual orientation, at each individual forging, the 99/95
(X-KS) values prescnted reflect only within-forging variations. On page 3 of Enclo-
surc (7) are presented the results where combining (pooling) of separate forgings
was permissible, In these cases the standard deviations presented (S.) reflect the
combined within-forging and between-forging variations, and the 99/ 95q1m1ts
(X-KSC), consequently, allow for both of these sources of variation,

Similar results are presented for percent elongation in Enclosure (8). The
individual analyses are presented on pages 1 and 2 and the combined analyses on
page 3 of Euclosure (8).

In both Enclosurcs (7) and (8), results derived by utilizing the logarithmic
transformations of the data are indicated by asterisks,

For design purposes, it would be desirable to have minimum design allowables -
(99/95 limits) which reflect both sources of variation - within-forging and among-

forgings. As indicated on page 3 of Enclosure (7), reasonable 99/95 limits fox ; !
’% e 1:
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7850:M0335

yield strength are available only at -100°F for the circumf{ercntial and axial
orientations, and at room temperature and 600°F for the axial oricntations, In
all other cascs, either the within-forging variations were non-homogeneous and
this prccluded the statistical combination of forgings, or there were such great
differences among the two forgings that the combined forging results produced
nonsensical 99/95 values.,

For percent clongation, as indicated on page 3 of Enclosure (8), a poten=~
tially reasonable 99/95 value, considering both sources of variation, was available
ouly at room ternperature for the axial orientation. In all the other cases the
forgings werc cither non-combinable or were so different as to produce nonsensical
rcsults when combined.

Conclusions

From the results of the analysis, it appears that in all but a few cases, ne
general standards considering both among and within-forging variations have been
developed. Among the causes for these could be:

a., Further discussions with mater . ls personnel indicate that the two
forgings (S/N 27 and S/N 33) although from the same vendor, were of different
design configurations,

b. It appears rcasonablc that different forging processes were utilized
t¢ devclop the two {orgings,

c. The within-forging variations and among-forging variations could have
been affected by differing locations of the tensile specimens, and/or

d. The test laboratory did not exercise adequate control of extraneous
sources of variations during tensile specimens testing.

Efforts are being currently undertaken to evaluate item c. above, This will
be accomplished by studying each tensile specimen test result with reference to
its corresponding location in the nozzle ring.

With respect to the overall results, several courses of action are available,
These include the following:

a. Fabricate additional forgings by the same vendor with a common highly
controlled forging process. Section .hese forgirgs to produce, hopefully, more
consistent test results.

b. Establish a pro¢edure whereby each forging is analyzed and rejected
or accepted on its own merits. This would obviate the forging-to-forging variation
problem. This would necessitate studying and determining the correlations between
the tensile bars received during receiving inspection and the high stress regions of
the forging., Data, of this nature, currently available, will be analyzed to determine
if this approach is feasible.
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R TENSI.E SPECIMENS, S/N 27 Enclosure (1)
‘ CIRCUMFERENTIAL ORIENTATINN 7850:M 0335
Page lof 3
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TENSILE SPECIMENS, §/N 2/
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TENSILE SPECIMENS, S/N 27
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Foovs J. H, Ramsthaler -
PRAR I Yull Flov Neference ¥Yrjine - Propesed "
Mevision or SSCSS and Pulse Cuoldown
Systen

Mo UELTION: Jo Jo Becvepoea, D, Boden, A, D, Cornell,
Vil Gy Jo DL Liarct, J. WL ilovguion,
Lo Do Johw e, Jd. N Rlacking, B V., Krivoree,
(. F. Levee, B. Mandeil, €. K. Leeper,
¥. L. Operhaw, E. A Shaeriden, 5. A, Varpa,
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Memo 7540210241, J,. M. Kincling to
Distributien, uh\cd A M bor 1969,
Subjuci: Full Fiow Sche.o! ic

LBRCOLEN (1) Safetvy aad Reliahility Anl nis of F:fevance
and Proposed Cocldoua/8se3 Soslens

Poi the remaest of Lilerence (&) a suggesied improvesent fros standseint
ol rofcny and pelleLidlily is suieeiteed for e Strod i ol Seppust Coolaut
Suimcreten (550S8) aid Cooldorvn Svsten,  The sehemativ yor the " roposed"
ysica, descyintion of cperaf jag seqtucnce, gafety evaluation wal a velizhility

aaldysis are presented in Enclosure (1),

Principally the "Pioposed"” systor elimiuntes the throc-way SS9V°s for

two-vay SotV's, reduces the number block valve:, reduces the nrwbher of

v dve: roguiving analog contrel, and adds orificed lines to a.sure coolant
flov revnrdlens o1 valve positiens. The safety analvsie recultoed in bette-
than a 207 reduction (22 vs 10) in componunt malfunction possiLiiities

Lhoving . direet and imvediate effect on system safeuv. The reliability analysis
for a sinale thrusting cycle and an 83-pulsc—-cooldowa cycle resulted in a
extimat 4 veliability of ,975 for tha "Melerence” cnd 989 for the "Proposcd"
SSUSS aed Conldown supply systems. This constitute« beztter thaa a 504
reduction §u failure rate (From 0.025 to 0.011). 5rscd on these results, it
ie recomuended that the proposed SSCS aud pulse coo-Jdowp systen configuraticens
be contidered for Lumediate incorporatium into the boaseline Reforeace cngine
confliguiadion, N
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SATLIY AND RETILETUPY ANATYSIS OF RELUCRCE AND

" e e . 2 Srpn g ey
RIS B RER IR LN ICRMAAS TGN D SO T |

Tae cactant supply and contiol anctworks {or tie Structural Support
Coulant Subuvst o (USOS8) and for the pulse coonldown system as currently
def Lied vor the Belorenee Fult Flaw Ungine are {1lustrated in Figure 1.
T volven gor o contyol and distribution of the structural support
ceclani consiz!t ol two (2) thrce-wey control valves (SSCV) and four (4)
block volves (Suid). The threc-way SSCV's arce a:sured not to have the
caupabiliily of bL'ocking all stan or bvpass {low but, from full opcn to
full closed, only vary the preporiion of these two output flows. Because
of the diffieulticr of controlling thice-way va1§ns in active redundancy,
the sulsysntem j. to be operated in a2 sturdby redundancy mode.  The valves
jor th: pulse cooldown operations, in additicn to those in the SSCSS which
are ulilired, consist of tve (2) redundant contral valves (CSCV) aad one
(1) cheekvalve (CSKV).

A rovised supply and control network for the $SCS88 and for the pulie
coonlduca system (s proposed {for incorporation in tle Full Flow I'ngine. The

revised supply and control wnetwork, illustrated in Figure 2, is proposed

partially as a system simplification but more important for imnroved system

safety and reliability. In the SSCSS the three-wey SSCV's are replaced with

two-way valves, the mmber of block valves are reduced from four to three,

an orificed lind is added to supply the required bypass flow, and an orificad

and cheched line is added tou cnsure a minimum stem flow regardless of SSCV

and SSHV positiuns, The two-way SSCV's are assumed to have capability iv the

full-closed position of blocking all flow through the valve. For thrusting

operations the SSCV's are operated in standby redundancy. The valves in

pulse cooldown system in addition to those in the SSCSS which ave utilized

remain unchanged except the CSCV's are assigned ouly a binary function instead

Gy,
of an analog control function. é ,é?
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IRFRODUCT IO (Cont"d)

Subscqueat sectieons will deal with the analysis of the "Reference"
anoopposed to the "Troposed” supply and control coolant networks for the
structvral=support and pulse-cooling operations. Section 2.0 will describe
the angiﬁo control concept, Section 3.0 wil) describe the engine functions
and the arlticality of these functions for cach of the "Reference” and
"Praposed" systius.  Section 4.0 will disenss the safety evalaation while
Section 5.0 will couver the reliability analysis,

FAIINE CORTIL SYSTEM CORCRPY

The €SCS5 can @nd is planned to have a significant role in reactivity
control of the nuclear subsystem, Therefore,to meaningfully evaluate the
lefesence and Proposed SSCSS's regarding their cffects on system safety and
reliability, it is necessary to have some definitiun of the control concert
to be utilized for the various engine operetional phases.

Niscussions with I&C personncel reveuled that with the exception of
control design objectives, a total contrel concept at this time has ne! been
establishicd.  The design objectives ar:, in genvral, to place minimum reliance
on control druns aad, to the extent practical, maximum reliance on the 55CSS
for reactivity and temperature control. Ideally analeg control of the drums
would be useil oniy to accomplish bootstrap. The control drums then would be
moved to the steady state position and held or locked in this positicn.
Teuperature control through the startup ramp would be accomplished through
the SSCV by controlling the reactivity provided by the SSC8S. Once at the
steady-stale operation point, control of temperature including compensation
for core corrosion losses would be maintained by the SSCV, Chambci pressure
during the startup o up and at the steady state operating point would be
maintained by the Bypass Control Valve (BCV). The shutdown raup, including
a dwell time at the throttle point, would utilize the same control loops as

for startup and stcady state (SSCV position for temperature control and BCV

position for pressurc control). 5' ég
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LSRG G008, SVETE CONCRPY (Cont )

The above coutrol mudes are technically feasible with the currently

vpecified control=drum span worth of about $4.00 and a SSCES span worth

of about $2.00 with the exception of at the cnd-of-reactor life. Assuning

a $1.00 corresion lons at the end=of-1life, the SSCSS lacks sufficient

recctivity  Insertion capahility for the throttle condition. The resolution

of this rystom Hindtoticn has not been defined a0 this time. Possible

altemulives to Cdiniaree or live uith this problom giving consideration to

Mogram requijenznts are listed below in order to sofecy and reliability

preference.

(1) DN2lete the requiscment to threttle at end-of-reactor life znd accept

)

(4)

(4)

the subscequent payload loss.

Redesiga the SS8CES to incorporate sufficient reactivity insevtion
capability to provide the ability to throttle a2t end-of-life withou:
addit ivnal drun reactivity inserrion.

Provide the capability during steady state operation to acke step
change reactivily insgertions with the druws to cempeasate fox
corsrosion losses, but maintain the SSCV &5 i - ‘ngle temperalure
control clcement (Jduring he shutdown ramp ar.. arott . Compencition
for corrosion losses by maintaining the drurs ¢ . 1. - than their
orificed position would be at the expense of ..: ife.

Maintain both the SSCV and drums in the control loop for all startups,
throttling and shutdowns. Steady state operations control would be
accomplished with only the SSCV. With this concept the maximum demand
is placed on the SSCV and the drums are moved from their orificed
position only as required to mcet the temperature demand. This add:
additional complexity to the control system and malfunction detection

system. Opcratiou with the drums at other than their orificed position

would be at the expense of core life. 5‘ é y
/
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ENGINE CONTROL SYSTINM CONCTPY (Cont'd)

For purposcs of this reliability and safety annlysés of the
Referenee and Proposed SSCSH it is assumed that the SSCV is the single
clement in the control loop to satiafy the téﬁpurature demand during
startip, steady state, thral {7ing and shutdown. This control mode is
const .ceat with alternattves (1) and (2h aud partially applicable to
altercative (3). Altewmnative (4) is pot evaluated in this study.

DISCUSSIO" OF SSCRS AND PULSL COOTINAN SYSTTY MWUCTLONS FOR ENSTNF OPERAYION

3.1 OPERATIONAL STQUENCE

For the "Refuronce" $SCSS and pulse cooldown system the folloving
opueral fonal secuence is assumed for purposes of this evaluatioa,

Struectural coolant supply during thrusting operations is supplied through
one LSSV and fts two blocking valves (SSBV's). Tle other S5GCV leg is
shutdown by maintaining the tuo blocking valves closed. In the event ef a
malfupct ion of the active les, the two blocking valves in the ective leg cte
closed and 85CSS flow is switched to the standby jeg by opening the two
block valves in chat leg.

AL the beginning of pulse cooldown, the bypass flow block valve in the
aciive leg is closcd and maintained closed thrcugh the entire pulse cooling
period. Trickle flow is contrc.led and maintained to the stems by one of
the CSCV valves. When the chamber temperature reaches 1500°R the CSCV is
opened full to provide a 4 1b/sec flow rate and the stem block valve in
the active leg is opened to allow flov to the nozzle and reflector. At the
completion of the cooling pulse (1300°R chamber temperature), thi: full open
CSCV is closed to the trickle flow position and i) block valve in the active
stem log is closed. Trickle flow to the stems is then contir .. as
previously described. When no further cooling is required the CSCV is

closed.

&.70

P )




~ b ”‘

] Bwrany oy

=¥

@

s

-

-5-

3.1 OPERATIONAL SLGUERCE (Cout 'd)

For the Proposcd 88CS88 ¢ pulse cuoldown systea the following
fs the oprrational sequence (refer to Tigure 2 for valve identification).
For thiust ing oporative s coolant. flow to the Lypass tine Is fully
supplied by the ovific d Yipe of [ the PDL while svtem coolant flow is
partially supplled by the orificed and checked stem line, Additienal
stew cootant Moe is svrplied by opening SSLf] ant the f1.v raice is

jo raintained opoy wvhile SSLV,

controltlo’ Hy SHGY Block vatlve SSMV3

1
andd SSCV2 e e owgeds In the event of a nulfuuetiva in the nctive stcn
cootlant cunisol leg (SS!‘Vl and SSCVL) the malveactioned lig is shutdorn by

closing eithey or both FSBV1 or SS(V ¢losiag S8BY,, avl opening the
o -4

]’

stanehy leg by aectivating 8SBV, and SSCY, .,
e

2
For polse ceoling cperatiors one of tix CSCV'e is opened and wointaloe s

open jor the entire cooling peciod. Tricitdde {1low to the stems is supplied

through the active lep with [1ou rate controlled by the S8CV,  Withow

any componeni nel funetions this would be accomplishied with ?SCVl op=n and

contrulting the stem flow rate, SSEV. cloued, SSBV., open, SELV, clesca

1 2

and SSCV2 clused,  To pulse cool to the noszle ¢nd reflector, SSBVl woe o ld
be opened o permit an open flow path to the Pbl. In the event of a el
function, the active leg is closced by shuting either or lLoth SSBVl and SSC\l,
closing SSEVB, and operating SSBV2 and SSCV2 the saue as previously described
for SSCVl and SSBVl. When no further cooling is required th~ full open
CSCV is closed.

Utilizing the assumed control concept discussed in Scction 2.0, the
following are SSCSS and pulse cooling requircments and the criticality
of these rcyuirements for each of the englines operational modes.
3.2 CHILLDOWN

Therc is no known requircement fov stem or bypass coclant {low during
chilldown although it has becn genesarly considered desirable or at

7/

least acceptable to,condition these flow paths during this cnpine
/
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3.2 CHILLDOV™® {Coat'd)
operational phrese. In fact, thils was the only possible means of
operition for tiwe hot bleced engine vhich contained a singla SSCV
aidd uo stem or bvpass block valves. It is possible, however, that
ster flow du vy hilldnm may be detrime tal or even harzardous
to system opc-stion. By design, the different stem flow paths within
the cove o011 voryving doeorcas of impedonce to coolant flo. ile
resuieant ohitlloun of the diffchnt.flou suths would be nol-syetricad
aud could produce high Lhz cencentrations i ar=as of the cure possibly
cavting & neciear excursion or therwal streses »roblems. 1¢ is
reconmended thoet this petential SSCSS problen be investipated by WANL,
Eowever, for purposes of this aualysils, it is acsumsd that a nel-
distribmting of stew and bypass flow during chilldown and Lootstiap
isx nt detric nial to the engine gystea.

1a the ivference system the block valves could be used to <t
cootarl. flow 10 the reacior, Tn the Proposead SSL5, coola g fles
is deliverced auscomatically to the reactor by tl- crifices in the bypass

md stem ciwenits. No provision is availeble¥in the Propes.d

, System to completely block stem and bypass flow.

3.3 ROOTSTRAP
Buotstrap is accomplished with analog drum control to maintain the

desired tempcrature ramp. Bootstrap is assumed Lo be complcted when a

60 psia chamber pressure and 1160°R chamber temporature is reached. The

position of the SSCV and thus the quantity of stem and bypass flow is
assumed pot to he critical during bootstrap providing some coolant is

being: delivercd to the stems,

For the Reference SSCSS,the position of the SSCV is not critical but

as a pinlmum one of the block valves in the stem line wmust be open to

prevent possible system damiige. For the Proposecd SSCSSythe minimum

S.72
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Ted WL TRel (et o)
peouired coaet o ds pre s et e the o iticad stem and bypass binen,

As Jn L case o ehilloown for Loth Reforecos end Frepesed $SCss'a,

TEoda re v e et i ae T SSGY Yo B msintainsd opiu as
G ocarenes b el opevhilooy Tor Iater eritios?l aperaticnal pheiser.
10!' Wi '

Stoet oy beooe e sbieked By mavipe e erms to thelr o ificed position

andg thee, vith S8V as the single elemont in the tenperntarve contrel loop,

rawpiag tavough a high ls path to the stendy state operaticy woint, Duri.

l)

this starten rawd,acaivum Jesond is placed an tpe $SCV feor resctivity
insartion ai tha tirettling paint (A250°R and 270 psia).

Majntaining the required levels of stem coolant flov and, (0 » lensey
degree, bypass flov is mandatory during stariup to sustain the syst-m ond
satisfy perforrance requirczents.

3.5 STLAOY STATE

Steody state operation is uaintained with the SSCV in the tompornture
contro) Joop and the dneas locked or held in thelr orificed posiviun,
All corrosion losses are wmade up by inserting; additional reactivity
with the SSCOV,

Controlled flow of coclant to both thc bypnss and stems is critical
to prevent systom loss and to aatisfy performunce requirements. Reductions
in stema flow could cause retreat from the high Isp operatim; poiut while
total loss of stem covlant would result in system loss. Incrcases in stem
flow rate would increase core rcactivity and total power with subsequent
loss of the system unless counteracted. Bypass flow at some minimun
rate is required for structural support plate coclant. Dypass flm: below
this f(low rate would result in system damape and possibly failure.

3.6  SHUTDOWN

Righ Isp shutdown f3 accumplished the same as startup with the cicepticn

S.73

Lo

[PPRTS

e

e

O Rl E e

W

RS



Tt a2

3.6 SHUTDOIN (Cont'd)

of a dwell time at the throttliug point to remove additionul decay
encryy while operating in a high Isp reduced thrust mode. Shutdown
is turninated at 2500°R chamber tewperature and 150 psfa chamber
prueusure at vh:ch tiwe tle drume are commundsg tn thefr full-in position.
The compon it funct fons and their criticality are the saze as
discusced for rtartup, Section 3.2,
3.7 CIATLOVF
The S5C85 does not have any direct control function during pwp
talloff. Flow is controlled through the turbinc contrel circuit until
a chunber tewnvevature of 1500°R is reaci.ad and a flow of £ Ib/soc is

attained., Tie turbines are then blocked from the system and fiow

vontinues by tank pressurc until a chanmber ternerature of 1300°KR is reached.

Flow is then teminated by closing the propeliact chutoff valves,
The position of the $S5GY and thus th: qumniity of ster: flow is
as=ured ot to be critienrl during pump tailoff; however, sowme stea flow

is windatory to sustain the system. Bypass flow is assumed not to he

critical during puap tailoff. That is, it could be high, iow, or cocpletely

bioclked without detrimental consequences on the system.
3.8 COOLDOWN/COAST

During pulse cooldowa the valves in the SSCSS supply nctwork must

Qork in conjunction with the valves in the pulse cooling nctuwork to provide

a direct flow path from the Main Propellant Tank (MPT) to the stems and
a dirvcect flow path to the nozzle and reflector. A continuous trickle
flow varying from 0.4 to .002 1b/sec is required between pulses for the
entire cooling period. The method for obt;ining and controlling the
desircd trickle flow in the Qeference and Proposed subsystems is
deseribed in Section 31 The inability to trickle flow cuolant to the

stems at the required rate could result in a wission abort due to less

efficicnt use of propellant than planned. é: 7y

Proramannr s )
.

B



[ L] oy ey ] oy — o ] — mw———y

b b

$

. . h 3

3.8 COOLDIMN/COAST (Cont'd:

Cuoling pulees of & Ib/.ee are ub‘l‘ai ned hy reverse flov tivough :
the SECSS supply netword as deseribed in Section 3.1 for the Refcrence
and Preposced subsystems.  Failuee to provide pulse cooling in the
presevibed voeer §s not consicered eritical Lo systea survival since the R
main PR proccidon e emergency sovurce for the requived coutont, MHowever,
uillicaetion o1 tic main PFS vould require rduitional cycling ¢f the -
PSSOV, less efficione use of propeilant, aud most probzhly a decivien
to ahort the mission.

_.ﬁ.-\-l-‘_!_'.l'lf_ FYATEIAYTON

B e L

4.)  GERCERAL .

The salcty evaluation of th- Referencs and Pruposed sy«teas vos g
limited to the coolant supply circuit since configuraticn and naterial ’f
sclection [or the stems and the structural support plate remoin vi-hanged }
in the two systems. Each component in the coolaal xupply ciresit was

rated in the cvent of a malfunction for Its most severe effect on the sys' .
for each of the coifne operaticna] phases. The aystem malfuncri: effect ix
engine operation was identificd by assigning onc of five Nuazard Categories.

4.2 HAZARD CATEGORY DEFINITIONS

The five Hazard Categorics utilized in this safeiy evalvation of the

3
.
3

SSCSS are defined as follows:

Category 1 - Failures or incipient failures which produce wo
significant operational degradation or tramsicat condition
on the system and requirc no conscious action by the
crew or land control to permit mission coupleiion. Faflur
of critical safety systems and critical standby-redundant P
components fall within this category.

Catcgory IIA-Failures, incipient failures or depradations from which .

the cengine can recover and still complete the wission by

=78 ¢
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4.2 UAZARD CATEGORY DEFINITIONS (Cont'd)

switching or reverting to a Recovery Nods. Failurcs
. in this caicgory produce traesient effcets wlich coe
be tolerated by the sysiem, and which puimit time for
Inwsan judgeaent. to be exerciued oun the xethod a2k
desircbility of the Recovesy Mode. Failures which
yeguire the functioning of safoty systoes or redusasat
conponcats to preclwic Carernry JIL conditions fali uvithin
tiiis cotegory.
Category 1IB-Failures, incipicnt failurcz or degradatica:s froer vhich
the engiae can recover and «iill compice> the misslon by
Immedintely svitching or reverting to a Eacovery Moda.
Failures in this category require fast action to remuve
or lessea the trassient coiditifom. Suitching iv Lle
Recovery Mode is usvally sccosplished automaticzlly by
the malfunctien dc;ectiou system or the erngine cocirol
system, Failures shich regiuive the aulonatic functiconing
of safely systems or tednnd:-m: components to precude
i Category 1V conditions fall within this catepory.
Category ITI-Failurces, incipient failurcs or degradations which require
mission abort and switching to an Emergency §lode to effect
%ufe crev return or to prevent danger to the carth's
population. Thrust capability of at lcast F = 30,00C 1b
and I,p = 500 seconds is required if coniinucd nuclear
engine operation is necessary to effect safe crew return
i or to cffect a safe disposal of the nuclear stage.
Category IV- Failures which res in dixrect injury to the crew, eadangcr
the carth's population or damage the space craft or other

stage modules upon which crew survival Jepends and for which

Fmergency Action is required, Failures in this category

S 74
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4.2 HAZARD CATLGORY DEFTHRITIONS (Cont'd)

produce cove or more of the following system affccis:

(a) Total or partial Joss of thrust to F¢ 30,000 1b
1.< 300 scconds.

{(b) Unsucceeszful NE shutdo=n and/or cooldoi.: vhich
precludes engine rectart,

(c) VUnsuccessful starrup i-- attain thrust ¥2 30,000 it
and 15p2 500 seconds.

4.3 RAZARD CATEGORY ASSICNIEEYS AUD DYISTHSSION

The hozisrd categery assigmecnts for each of the comronents in the
SSCSE amd pulse cooling cupnly aectwork for cach of the enjlics cperation?
wod-5 ore shiowa in Figure 3 for the Refercnce systom, in Figera 4 for the
Propused sy: ten, and those that are of privary importance regerding syston
sefety are swunarized in Yicure 5. It can be seen {rom Figers 5 th-t
bc-tu;r thaz a 50 percent reductics in component failwres having a direct -1
Imucdiate dampact vegarding cafely is obtained with the Propes..! system.

No single failure in cither the Refereuce or the Prupused systi>a has beea
rated Nazard Catepory IV (dircct injury to the crew or dauger Lo the earti's
population).

The hazard category assignrments used in this safety evaluation and
showr in Figures 3, 4 and 5 do not consider as credible: line rupture,
valve rupture, orifice failure or multiple component failure. The hazard
catcepory assignments werce made without consideration for the normal
fail position of the valves. Fo; example, for a normally fail closed
valve it is considered credible that the valve could fail in a full open
position. This was done because a command failure could demand the valve
to be in other than the desired position and normal fail positions have
not at this time been established for the valves., This policy was applicd

uniformily to hoth the Reference and Proposed subsystems and thereforc

S5.77
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4.3 HBAZARD CATECORY ASSIGKMFNTS AND DISCUSSLON (Cont'd)

ig judped to not unfeirly bias the salcty analysis conclusions.

1t shonld be noted, bowever, that normal fail poritions ave required
for roliabitity anatesis, amd the as;uacd ncrnal fail positions
utlized Gt ddovi it led in Section 5.0,

Thae luproved systos safety of the Propoused over the Refcrunce
system (csudis vrivarily from the orificed bypass coolant flow
in whivh 1ailure is comgidersd not to bLe credible and in the
protective [eature afforded by the orificed siem flow. Failures of
the valves coutrolling stea flow do not norwslly require imediate
1espopae because of the continuwous coolant provided by orificed stem
Jinc.

The logle fer the Hazard Category assignucnts, perticolarly those
of Catesory 1I8 and II1, are discussed by enginc operaticnal rode in the
following sulscet funs.

4.3.1 Chilinom

Sincc as stated previously in Sectiova 3.2 there is ro kaoen
requirement for chilldown flow in the SSCSS, ull Hazard Category
as:igimwents for both the Reference and Proposed systems have been maae
Category J (no significant operational degradationm).

4.3.2 BEootstrap

During bootstrap some minimum stem {Jow is considered to be
required for cooling uhile\bwpass flow is not considered to be mandatory.
In the Reference SSCSS, failure of the block valve (SSBV) to a closed
position in the active stem line has becn assigned a Category IIB (requires
jmmediate corrective action) while all other components are rated as
Category 1. In the Proposed SSCSS all component malfunctions are rated
as Catupory I since the orifice in the stem line and the SSCV provide

redundaut sources of stem couolant.

S.75
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4.3.3 Startup

During startup with the druwms locked in their orificed
position, the 8SC3§ is used to control reactivity and as such contrels
the teuperatare romp, In the first part of startup in which teaperature
and pressure are venped te tie throtile paint (4250° and 276 psia)
max i dosaad s placed on the §8CSS.  Failare to meet this denand,
pron i ing noowe stenm and bypery coolant flo. is waictained, weuld cauac
opeialioral degradation but vot necessar.ly requiring fsvsediste currective
action jor svstem survivol, However, duriug the preussure ranp to the steoi:
stald opera’ lonnd point the SSCV must reduce reactivity in the stems to
corpen iy Tnr the reactivity effects of the steadily increasinrg total
hydro ca wintory in il core. Fallure of the SSCV to maintaish only the
1equived fiov tu the stens vould result in loss of the system due to
excesy ive choaiber teaporature wnless ismediately correctod.

For the Refoerence SLUSS, the active SSOV and the siair bleck waivae
in the stawdby lep is rated as Category 1iE becanse of the petential
malfunction posaibility of supplying excessive stem reactivity inscrtina,
The bypass block valve in the active leg is rated »ns Category TIE because
bypuass flow is required for struct iral support plate cooleunt. The bynass
block valve in the standby leg is rated as Catcgory I1IB because, if failed
open, cxcessive flow to the bypass line could result in depletion of the
stem coolant flow beyond the rate required to maintain the structural
integrity of the stems. Though this latter malfurnction condition is assigndd
as Category 718, a malfunction analysis is required to confiru this
hypothesized system response,

For the Proposed SSCSS thare are two active sources of stem
coolant supply. A single loss of either one of these sources would cause
a Jecrcase in reactivity with resultant degradation of engine performance

but not losu of the system. Rated performance could be attained by further

N4
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4.3.5 Tailoff (Cont'd)

the stom cfriuent flow should be sufficient to maintain the structucal

support plute within its temperature limits during this operating mode.
I1n the Refercace SSCSS only tie failure of the stem hlock

valve in the nvgivu leg bus hecn assigned a Hazard Category IIB. All

other componcnt [ailures cither produce w: syatem degradation or the

degradation - oen not requice irmediate corrective action.

1u the Propused SSCSS there are two active sovrece «f stem

coolant supply and the loss of a single sourcce would aot be critical to. - -

system operation. Thercfore, no hizzard catep:»y higher than I1A is assigned
to aay of the components in the $SCSS supply cirenit.
4.3.6 Cooldonn/Cnast

As proviously stated, the functiun of the SSCSU aad puler
cooling supply circuit during cooldown anl crast is to provide a direct
path for trick?s flow to the stems and te provide a direct puih by
weans of reverse flow to supply coclant to the nozzle and reflector.

In the Reference system, faiture of either stem bhlock valve
to an open position would privide a direct flow path to the PDL. This
would prevent efficient trickle flow to the stcuws which would have to he
counteracted by more frequent cooling pulses to maintain required
temperaturc limits in the stems. This incfficient use of propellant
could necessitate abandoment of original missiu objectives and require
the performance of contingency actions for safe return of the crew or
safe disposal of the nuclear stage. For this recason the two stom block
valves have been assigned a Hazard Category III,

The three valves (cscvl, CSCV,, and CSKV) which permit and

2
control flow from the MPT are all assigned a Hazard Categery JI1. Failure
of cither of tiia control valves in a full open position would prevent

cfficicnt trickle flow to the stems, possibly requiring a micsion abort,

‘ailure of the check valve to. open would require the use of the main

.80
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4.3.3 Sturtuy (Cont'd)
apening the active SSCV in the event of chock valve failure in the
arfficed stem lise or hy bloching the malfunction active SSCV leg
and sviteinfng to the roedundant standby 860V leg.  The above
walive icos have been assivaed lazard Category T1A since they do
not roquine dumediote corecetive action for system survival, The two
S88CV's, Low.vor, Pave the potential malfurction possibility of failing
to o Tul? or niar tull open position and adding oxcessive ceactivity.
hupedizte closare of the block valve ia the leg with tle malfunctiouned
SSCV ad the bloek valve (SSnv3) gseparating the two legs would be
required to sustain the systen.  Accordingly Huzard Category IIB las
brea asuigne.! as the worst coce malfunction condition to the two SSCV's

in the "

roposed” subsystem,
A.3.4  Steady Siate and Shetdem
buring steady state aond shatdown the requirements ol the
SECS8N are the same as they are for startup, These requiremcats ave to
provide variable controlled reactivity insertion canability and tg
provide coolant to the stems and the struciural support plate. There-
fore, the Hazard Category assignment§ for the components in the S8CSS
supply circuit and the justification are the same as discussed for
startup.
4.3.5 Tailoff
Tailoff is performed with the control drums rolled in and
propellunt is provided by pump prcssure to remove decay heat, The
purpose of the SSCSS supply circuit during this operational peried is
to majntain a sufficient quantity of coolant to sustain the structural
integrity of the stems and the structural support plate. Continued
stem cooling during tailoff is mundatory but the rate of the stem coolant

flow within the 1imits of the 3-way SSCV 18 not considered eritical.

Bypass coolant {low is ulso not considered critical during tailoff since

=14
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4.3.6 Cooldown/Coust (Cont'd) ) e
PFS {or ewevgeacy coolant supply, possibly cgatn requiring a mission
abort.,

in the Propo:sed subsystem theve age four o nponcnt

failures which could reguire a wlxsion abart ond accordinply have
Pean essighed as Razard Category 11T, Three o1 the four vould preveat .
cfficient Lyichie flov to the stems,  These theer are:  the chieck
valva ja the stem orific: Jine by failing to ¢'see, thus 2lloving
bact 1low tou the PDL; Llock valve SBDVZ by fuiliilag open; and S%CVZ
by failing open to sume position greater than that required for controlleu
teickle flov to the stems. The fourth Nazard Category (11 assigrtient
is for the CSKV which if failed closed would regaire the Jess efsieient

use of the main PFS for pulse coolant supply to the reactor. )
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The Tull Ve reterence Juafpn hes soversl undesivabie retiubilit
featires in the o cthod oY poovidiag flow to the support structure.
The cctereace Joefpn CSVYS Dave a ples tunetioaz) requivrecont, They
el ennt b e procanee durtag coast and thrnsting control relativety
low ot e gaien and provide reflector pulusd firow duriuy cooldowvn,
Afeil fo poctoiom or 1490 full opin of Lhe €S0V cannot be ol -rated
buc, o the faiture cannot be fsolated. The €500's have a debie {vaction
of preportioniag 1altl tisust flow oad are flovcd jr ~everse for nilse
tlow, Sinre they are coch proportioniag the entire suppurt strocture J1a
they caouot be aotively tedontanic The veforence design vogqut-es vpe of
the £V s tu be cyeted foc every pulsn aleng with the €SOV cyvlilay e
Tow niew tler to full cpen Ltor pulse flow,

The proposed 1edesign rgpreuunté an approach to sirpdity ihe frot”
of towe of the valves and to reouire fewer valoes to be funaticacd duris,
prise conliag, ‘the fntroduciion of orificad f ow (n provid: coetent
winirus required stem and bypass flow redaces che total contrel nnun on
the #5CV's,  The use of two-vay SSCV's sinplifics their desiyn sad also
permits active redundancy if reaction to fajlurce is time sensiiivo. (P -
vver niandby oprration offers higher systen reliability and Jocation of tiv
third Llocking valve (SSBV3) is predicted upen stand-by redundancy).

Reversing the ovder of the $SCV's and their blocking valves. (SSEV's)
permits the introductiun of cooldown flow betwcen these valves, Cycling
one of the SSBV's is al) that is required for pulse flow contrcl. Whis
reduces the CSCV from a complex shut~off and contrel valve to a simpler
norrally cloned two-way shut-off valve which is opencd and remuins open o
through each entire cooldown period.

A detadled description of the assumed functional requiremeats and

the mathematical wodels representing the functions of the twd systems

- 53 -
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RELIABILTIY ANALYSIS (Cont'd)

sre prescuted in Appendix A. Componcnt failure rates dexived frow
previous test oxpericace were applied to models for a single thrusting
cycle und ru 83-pulse cooldoun cycle. The probability of successfully
completing one thrusting cyele including cooldown is estinated to be
0.975 for Lle Refcrence SSCSS and cooldown system versus the  Tropoesed
systen probehiliey of 0.989. This constitutes a 50% redurtion in
Caitlure rai (Crea 0,025 to 0.011) for a single thrusting cycle. The
sipuificatce of these nunbers is more apparcrt whea extrarclaicd te &

10 iyeie mi sion. The Refercence design erhibiis a reliabilisy of 0.776

vhile the Proposcd systom relishildity is 0.895.
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APPERDIX A
RELTARY Q1Y MATHID T TCAL, MODE: lS OF _REWEAFICE FEE AN FPROPOSED RENDNKICN
o snm O STRCCTLL:

_ﬁa’x..mz LR 7L CONLOOWE GONIHGL ARD SUFMPLY D TRORYS

REFLELNCE DISTGN

1. ASSUE

———— b - n

. and S8V are N.O., S§ : S
SSll\l'mn \\z‘lr NO.SBVJ‘mdSBV‘

SSCV's fail in place but do not prevent reversc pulse flow.

ere NG,

L. SEQUENCE OF OTERATION
THRUSTLNG SEQUENCE
A. RORMAL
SSCVl c«;ﬁ.rols and CSXV prevents reverse flow,
L. FATLURE

SRCV, fafls in pluce then SSBV, ai:d SSBY

1 1 2
SSB’V‘ open and SS‘M':\’2 controls and CSKV cecntiruec ic prever?

close, SSB\' and

reversce 5 low,
COOLING SEQi) NCE
A. NORMAL STER FLOW
SSI'.VI and e:s:r.vz close while CSCV, opens partially for stem flow.

1
B. PULSING

ssnv:’ opens and closes for each pulse while (:S(:V1 opens wider
and closes to stem flow position for each pulse. SSBV1 remains
closed. Pulsing through SSBV3 is preferred because it is more

probable to fail closed while SSBV, will wore probably fail

1
open preventing further pulse cooling.
C. FALLURE MODE
1. Stem flow end pulse flow
If (.ISCNl fails to control, CSCV must close and (:S(:V2 controls.
2. Puleec flow,

If SSBV3 fails to open then pulse flow thru ssnv. .

.,
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NAT NIODE),

———ma: v e G

(8§ = S$8CV = Support Structurc Coolant Valve
$C = CSCV = Coolant Supply Control Vilve
BV - SSBV - Support Strurture Rlock Valve

Roppn © Prob, of Stem Coolant Flou Control
4

Ropgp = Yrebe of Pulse Coolant Flow Cont rol

R notuusr © R, xR,

1 %Ry xRy

kl = Probability of thrusting with no compmaent failures or

successful theasting with isclateable ccmponent fatlures

R2 = Coolant Supply Network .- prebability of cocldowu with ne

component failures or successful cooldown with isolatcable

componciat fallures.

R3 = LPulse couling - prubability of no bicocking valve

or probabillity of successful pulse cooling with isolatlezble

black valve failure.

Rl = Reonat=-cvl + (1-Rcont-cvl) Re-bvl Rebv2 Robv3 Kebvd Reont--cv2

Rrev=-1k * CSKV

Rz = Rslem-svl Rpulse—sv1m+ (1-Rstem=-slv Npulse-svl) Re-sv)

Rstoem=sv2 Rpulse-svzm
Ry = Ro~bv3" Re-bvl + (1-Ro-bv3) Re-bvl"
where m » nuuber of pulse cooldown cycles
PROPOSLD DESICK
I. ASSUME

SSHVZ is N.C., SSBV, and SSBV3 are N.O.

1l
§SCVs fail in place and, if failed, prcvent reverse

in thedir lop, CSCVe are N.C. two-way valves,

fattures

T

pulse flow

-



s

o
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11,

11,

SEQUENCE OF OPLERATION

TURUSTING SEQUENCE
NORMAL

SSHVI resofue open, SSC\'l controlg, SSBV2 are} SSCV2 remain closed,
SSBV3 reraing upcn.. RL\ apens, CSKV prevents reverse leakage.
FAYIURE

SSL\‘_ fails to control ton S8WY

1 J
and SSCV? contrels. B remair open,

,» and SSBV. clouse, SSHV, opens

3 2

COOLING SEQULNCE

NORIAL

SSC\."l controls stem flivy, SSBV1 pulscs, SSBV3 rcemains open.

FAILURE

1f SSLVL fails tu close then SSCV1 is closcd, SSBV3 is closed and

ssxvz pulses and SSCV2 coatrols. If SSCV Faiis to control then

SSIS\’3 amd SSM’I close, SRWZ pulses and SSC\’z controls stum flow.

MATI HODEY.

Ro = RoRro = Probabllity vaive opens and remains open

Rc = ReRre = Probability valve closes and rewmains closed

Reont =~ Probability valve controls flow aL desired rate

cv = SSCV = Support Structure Cvolant Valve

bv = SSBV -~ Support Structure Block Valve

ckv = Check Valve

R network = .1 +Ry

Rl = Probability of no component *ailures during thrusting and
no component failures during cooldown or successful cooldown
wvith isolatuble component failures

'2 = Probahbility of successful thrusting with isolatable cosponent
fallurus and subsequent successful covldown with isolatable

thrusting component failures.
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R} = Reont=cvl Rrev.lk-ckv Re-bvl Reont-cvl + (1-(Rc-bvl))

o

. Re=cvl Re-bvd Ro-bv2™ Rcont-cv2

- R2 = (l=(Reont-cvl))Re-bvl Ro-bv2 Re-bv3 Recont-cv2 Ro-bv2™
O Reont-cv2 Reev.lkibky
ihus

vhere moe punber of pulue cooldown cycles

SINCLYE CYCLE FalTenl RATES APPLIED TO MATH MODELS

Definitions: R = Probability of successfully:

Ro = opaning

Rro =~ remaining opcn

. av g

Re = closing

4: hTR44 Tk
TR .

Kre = remaining closed

Rcont . -controlling

.

N.0. = noraally open, ¥.C. = norually closcd

- i g oo g
e b

Rrev.leak

,. Type. Ro Rro Re krc  Reont (L)
k| CSeV Shutoff and 9,25 .9.40 .98 1.0 .9.83 -

hy " 4 l. 3

contil valve )
g. CSov Two-way valve .9‘25 .9440 .948 1.0 - -
CSKV Actuated Closed 1.0 1.0 1.0 1.0 - .946

a’ check valve

) §s¢v Three-way - - - - .9.66 -

n control 3

1' SSCV Two-way coutrol - - - - .9383 L -

Y SSBV & CBV Two-way 1.0 1.0 9,25 .94 - -

) block N.O.

3’ wo-vay 9,25 .94 1.0 1.0 - -

b4 block N.C.

» BV Check valve 1.0 1.0 1.0 1.0 - 9,6
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TO:
FROM:
SUBJECT:

COPIES TO:

REFERENCES:

MEMORANDUM

P. P. Ventura DATE: 24 November 1969
7850:M0343

J. H. Ramsthaler

Reliability and Safety Review of "Engine System
Evaluation for Alternate Sources for Turbine Drive Gas,
Hot Bleed Engine, S-054-015"

J. J. Beereboom, W, M. Bryan, D. Buden, D. S, Duncan,
R. V. Evleth, R. B. Glasscock, J. M. Klacking,

C. F. Leyse, B. Mandell, 1. L. Odgers, D. E. Price,

E. A. Sheridan, L. A, Shurley, S. A. Varga, E. J, West,
W, O. Wetmore, A, S. Woodham, R. B, Wright

NTO: W. H. Bushnell

(a) Memo 7850:M0318, dtd 30 Oct. 69, W. M. Bryan to
P. P. Ventura, Subject: Reliability Review of Hot
Bleed Engine Trade Studies

(b) Memo 7850:M0239, dtd 6 Aug. 69, E. B. Cleveland
to R. B. Wright, Subject: Reliability Evaluation of
Diluent and Bolt Coolant Concepts - Trade Study 006

(c) Memo 7850:M0192, dtd 19 Aug. 69, E. B, Cleveland
to J. L. Watkins, Subject: Reliability Comparison
of Three Turbine Drive Gas Systems

The subject report has been reviewed, as requested by Reference (a),
and is satisfactory for submittal as a nonmanagement approved study., This

restriction is considered necessary because a safety aralysis was not performed

in support of this study. It does not appear worthwhile to do a safety analysis
at this time since the hot bleed design is no longer being considered, however,
the study is incomplete without this evaluation.

The study was reviewed for Reliability considerations and is in general
agreement with the reliability analyses of References (b) and (c).

M. Rams r, Manager

Reliability & Safety Analysis Section
Nuclear Rocket Operations
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MEMORANDUM
TO: S. A, Varga DATE: 25 November 1969
7850:M0346
FROM: E. J. West
SUBJECT: Reliability Apportionment of Current Reference
Engine Concept
COPIES TO: J. J. Beereboom, D, Buden, W. E. Campbell,

A, D. Cornell, R. W, Froelich, R. B, Glasscock,
J. M. Klacking, L. E. Little, B. Mandell,

J. H. Ramsthaler, E, A, Sheridan, L. A, Shurley,
J. J. Stewart, T. R. Thompson, 7850 Personnel
NTO: W. H. Bushrnell

ENCLOSURE: (1) NERVA Engine System Reliability Apportionment

A preliminary reliability apportionment has been made for the current
NERVA Reference Engine Full Flow Concept as defined by Drawing Numbers
1136390 and 1136391, The engine system was divided into subsystem and
component groups as specified by the NERVA ENGINE SPECIFICATION TREE
(Dwg. 1137101).

Apportioned reliability numbers are included for components for which
WANL has responsibility. These values are based on a hot bleed analysis

received from WANL with the fuel element prediction lowered from approximately

«99 to .90 to account for the full flow design and its longer life requirements.

The apportioned reliability values are presented in Enclosure (1). In additior,

Enclosure (1) includes the predicted reliability values for each of the subsystems
and components that were used as the basis of the apportionment. In deriving

the apportionment, a mission of ten cycles was assumed to facilitate calculations.

A 60-cycle calculation has a significant effect on the predicted reliability but

little effect on the apportionment, (The 60-cycle predicted engine reliability is.33)

For expediency, this memo is presented without substantiation of the
prediction. That analysis will be documented in a subsequent memo.

ol

Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLABSIINCATION CATUIORY
UNCLWASSIFIED
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NERVA ENGINE

Enclosure (1)
7850:M0346

SYSTEM RELIABILITY APPORTIONMENT

(10-CYCLE MISSION)

NERVA ENGINE

NUCLEAR SUBSYSTEM
FUZIL ELEMENTS
CLUSTER HARDWARE
CONE PERIPHERY
SUPPORT PLATE & PLENA
INTERNAL SHIELD
REFLECTOR ASSEMBLY
CONTROL DRUM DRIVE ASSEMBLY

SUPPORT STRUCTURE COOLING CONTROL
SYSTEM

SSCV & ACTUATORS (2 ea)
SSBV (4 ea)
CSKV
CsCv
LINES
CSL (3.0)
SCBL (3.0)
SSCL (3.0)
SSCL (3.0)

2
»

4

RELIABILITY®*
Predicted Apportioned

.832694 «995
. 888498 .9 26823
.900000 .9 27184
.927623 .94329
. 926585 .94037
.93360 .948195
.9 450 .95859
.9z7l94 .942088
.926446 .938998
.988672 . 93677
. 928251 . 93741
. 938152 . 93760
. 93300 . 9480
.9 26167 . 93891
. 93460 . 9485

* Subscript denotes number of 9s, i.e. .926823 = ,996823
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NERVA ENGINE (cont.)
PROPELLANT FEED SYSTEM
PSOV
PDKV
TBV
TDKV
BCV (2 ea)
BBV (2 ea)
TPA
PIL
PPL
TIL
TEL
TBL
ENGINE PURGE UNIT

PNEUMATIC STAGE TANK PRES.
SPKV
SPSL
DESTRUCT SUBSYSTEM
NOZZLE ASSEMBLY SUBSYSTEM

NOZZLE & BOLT COOLANT LINE &
ORIFICE

NOZZLE SKIRT
NOZZLE SKIRT EXTENSION

snclosure (1)

7850:M 0346
Page 2 of 3

RELIABILITY

Predicted

19,1809
19,7862
19,300
.9,7463
.9,8701
.9,8002
19,7463
19,8771
.9,80
+9,780
.9,740
19,740
+9,740
.9,8988

-94280
+9,300
.9,80
19420
.9,1114

.9,619
.9,830

Apportioned

19,766
19,710
.9,80
19,644
19,480
19,732
19,642
19,831
+9567
19,78
$9,77
\9,77
195260
19,5

19,794
.9,80
.9, 40
9577
19,746

+9,891
19403
.9,515

97




NERVA ENGINE (cont.)

INSTRUMENTATION & CONTROL SUBSYSTEM
EPIC
WIRING HARNESS
NONNUCLEAR INSTRUMENTATION
NUCLEAR INSTRUMENTATION
POWER SUPPLY

THRUST STRUCTURE SUBSYSTEM
UPPER
MIDDLE
LOWER
SHIELD SPACER

EXTERNAL SHIELD SUBSYSTEM

GIMBAL, ASSEMBLY SUBSYSTEM
GIMBAL ACTUATORS & SUPPORT RODS
GIMBAL BLOCK

PRESSURE VESSEL & CLOSURE SUBSYSTEM

Enclosure (1)
7850:M0346
Page 3 of 3

RELIABILITY
Predicted Apportionsd

.965438 .9,014
.971256 .9,1842
.9,854 .95585
.9,7088 .9,173
.9,7088 .9,173
.9,710 9,177
-9,640 <950
.9,888 -95689
.9,835 -95542
.9,210 .95781
-9560 -9,889
19465 .9,0
.9,425 -9,84
.9,550 .9,875
.9,875 -95652
9y 957
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MEMORANDUM

T0: C. M. Funk DATE: 10 December 1969

7850:M0361 :EJW: jak
FROM: J. B. Ransthaler
SURJECT: Materials Test Plan Review
COPIES TO: D. Buden, A. D. Cornell, W. E. Campbell, W. E. Durkee, ;

c. ‘. um. J- "b mt‘ c. 't hlﬂk. LO n- Jm'

V. Kahle, C. K. Leeper, D. Lemvermeyer, B. Mandell,
I. L. Odgers, W. E. Stephens, L. Shurley, H. L. Springer,
M. Lev, W, 0. Wetmore, Section 7850 Personnel

ENCLOSURE : (1) Relisdility Audit of Materials Test Plan 12-5-69

A reliability review has been made of the curreat materials test planning.
Detsiled comments are provided ia Enclosure (1).

The materials test plan is generally adequate for
documents should not be relessed until the many inconsistencies noted in ;

Enclosure (1) are corrected.

From a Relfability vieupoint the data maturity and the schedule of data maturity
are generally inmadequate for t design PDR. It is felt that at least
"A" type wmaturity of data s vequired before component PUR for all critical

design problcem arcas affected by material properties. These critical problems
related to material properties should be distinctly ideantified in the plan so

they are distinguishable from the material properties for which design allowables
sre required which will also require A or B class data.

It is anticipated that some of these critical problems and some of the material
deaign allowables ¢ill require comulete statisticar definition of the radiatiom
effects. The irradiated sample sizes presented irx the plan are inadequate to

perfora sny significant statistic evaluation.

b e

The radiation effects testing is apparently based on the judgement that the
selected materials will be acceptable. The limited sample sizes to be irradiated
vill oot statistically refute or prove this judgement. If an insignificant shift
in mean valucs is cxperienced, the unirradiated wean and variance will be used.
This sassumcs that irradiation does not effect the data spread. This hypothesis
will not be adequately tested. If an apparently significant shift is detected
then the material may be rejected. With small sample sizes the risk is high of
rejecting acceptable material. If a significant shift is detected then additional
irradiated sawples may be desirable before continuing with unirradiated testing.
The results of initial testing should effect the sequence of tests and the numbers
of tcsts to follow. This kind of logic is not apparemt in the curremt plan.

\
)
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C. W, Funk o2~ 7850:40361

The materials testing is an important part of the design {or reliability
mcthodology. The rcliability progrom plan (R-101) requires that all testing
evolve (rom a systemmatic study of failure modes. Therefore, the materials

test plan should reflect this and present sa integrated effort by all of the
technical disciplines concerned with materials properties. Furthermore, NRO
should not submit a Materials Test Plan wvhich does mot include HWAML requirements

and desired testing.

All materials testing on the NERVA program should be designed with a common
philosophy as a basis for both test planning and statistical amalysis of the
results. This will avoid duplication of testing and the compatibility of the
final results will in some instances provide definition of material properties

over a broader range of eaviromments.

J{'{ﬂ. Manager

Reliability & Safety Amslysis Section
Nuclear Rocket Opsrations

APPROVED:
0. M, detl
B. Mandell, Masager

Fagic= Systea Department
Roclear Rocket Operatioms
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RELIABILITY REVIEW OF MATERIALS TEST PLANS
CONDUCTYD BY
COMPOMENT ARALYSIS GROUP

RELIABILITY AND SAFETY AMALYSIS SECTION

DECEMBER 1969

1. SIMMAXY AMD CONCLUSIONS

III, RADIATION EFFECT TESTING
Iv. COMPONENT PROBLEM AREAS

ENCLOSURE (1)
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REVIEW OF MATERIALS TEST PROGRAM

I.  SUSWURY AND CONCLUSIONS

Tvo basic icres were preseated ar the test plan te be velessed. These
woere: the ldentificzation of Materials Probluns and Swmary of Naterials Data
Priority and Maturity.

Tae prodlem sheet was assessed for: completeness of COPPRRENES COVGL..;
sdequacy of prodicted emvivoansatal renge: completeness of materials, incleding
forn (f.e., forging, sheet, otc.); and identificetion of sll matertal predles
areas. 1Ia order to assure that ideatified preblens would be preperly
favestigated, it was necesssry to reviev the individusl material test plams,
even though the plams were mot wpdated to conform with receat changes in the

« >werall test program.

Tin: Data Priority smd Maturity Summery was cempared fer: cempletonsss of
saterialc listing, lnenaung naterial form; uqlotm of material preperties;
conpat ibilicy of mt eswvivoumenta) levels with Mctd ewiromment; and
sdequacy of maturity 03 data ans -chu‘h{lu vith respect to pi‘aii? ailestones.

The Radiation Effects Croup has prepaved a comprebewsive test matrix, vhich
wes compared vith the Materials radistioa test plams.

In the course of the review, discussicss were held with Materisls, Structures,
Therwal, Radistion Effects, snd the various Design Projects.

It wes concluded that the Materials Test Plaa is gemerally adequate for
Engine PDR requirements. lowever, the documeats should mot be released watil
the magy incomsistencies between scheduling documents and specific test plans
are cormted.‘ In gddition, weny of the irradiated sample sises sppes™ to be
inadequate to perfors significamt statistical evaluactiocn. )

From 3 Reliability viewpoiant the Plan appears adequate for "ngine PDR, But the
dats maturity and the schedule of data maturity are inadequate for cosgoment design -
ailestones. It is felt that at least A type maturity of data is required bufore

"\0 J e L
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componeat PER for all criticel desiga preblen avess affected by meterial
propertios. These critical problems te saterial prepeviies are wot well
defined tn the plam.

20 sheuld met submit & Naterials Test Plaa which does not include WANL
roquirenants and plonned testing. lesuance of an integreted plan vill sesure
o canen philessphy of test plamning, will eveid dwplicetion of testing, and
vill assure that analysis of data and (inal vesulits vill be esapetidle.

Specilic problems which resulted ian thase gonerel conclusions are presented
tn the follonving sections. It should Do neted thet meny of the discrapancies
are due te the lach of test plan wpdating to veflect vecont chamges fa the
pregran.

. XN cupNTs

A Neteriale Progran Plan should be presentsd vwith the foras enplaining the
overall jntent of the materials test plon and vhet each of the decuments contain
and sre latended to coavey. The techmique of previdisg fer contingencies sheuid
be snplained. The plan sheuld be preseated as a sequentisl series of testing
vhere the initial resuits ore alloved te medify subsequent tests vithia certain
restraiats.

A. TDENTIFICATION OF NATERIAL PROBLEM PONN

1. The prodlems for the prime masterial should de listed eeparstely froa
the preblems for the bachup materis] since, in seme cases, they differ.

2. The specific Mechanical and Physical Proparties that are problems
should be listed.

3. The prierity of sach prrodlem sheuld bde listed.

4. The maturity of data required for each problem should be defimed.

S. All tomperatures should be expressed im degress Rankine to be
compatible vith other program documents.

B. PRIORITY AND MATURITY SUNMARY

1. The material and test plan should be part of the major title on each

page rathar than repcated om cach line in a columa. g‘, /¢ 5 :

e
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. PRIORITY AMD MATURITY SMMARY (Cont'd)

2. The temperature under test requirements for irradiation and

F I
.

property testing is not clesr - separate columas should be provided for the
Radiation Exposure Tesperature and the Material Property Test Enviromment.
Thia iz also true for the radiation atmosphere and the test atmosphere. There

[ 3 S
-
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is no explamation to cover the temperature cycling during radiation exposure.
C. SPECIFIC MATERIALS TEST PLANS (M SERIES DOCUMENTS)
1. Vor each property to be tested, comments should be sdded presenting

oy -,
.
N

o o 4-:

wnethods of arriving at ssmple sizes and mumbers of heats, and specimens within

e

heat fecluding data sources, if any.
2. It is mot clear how the decisions were made that certain properties

o

I

ate "critical to design™. The basis for these decisions should be presented.

3. For the unirrasdiated testiang, the guiding document used for establishing
the sumbers of tests to be comducted was T.U. 28, which specifies that 15 degrees
of freedon are required to estimate the variation «f a particular material property.
This directivc vas assumed to apply to all mechanical progerties for which
estimates are required for desigm purposes. In order to determine vhether planned
tests will satisfy this requirememt, estimates of vithin heat and among heat uriatiou_’
are required. Given these estimsted variations, the nusber of heats and specimens
within heats vhich must be tested tc satisfy T.D. 28 can be determined.

This procedure was utilized to establish the material test requirements

for the critical material properties. As a result, the mumber of specimens scheduled

for testing are, in general, highly acceptable. :
4. A similar type procedure for determining test sample sizen should be

utilized by VANL. :
S. Ia sume cases, however, it is recommended that the number of tests

should be increased, since prior data, in these cases, indicates high within heat

variations. These are prescnted in the following table: ; i

=YWL 4
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CURRENTLY

PROPOSED RECOMMENDED
MATLRIAL TEST TYPE SPECINENS/HEAT  SPECIMENS/MEAT
718 Alloy Tensile, Facture 3 8
(Forging, Sheet, Bar) Toughness
Ti-6A1~4V Alloy Sheet Tensile S ]
UDIMET 630 Tensile, Fracture S ]
Toughness
6. The design changes rccently implemented for the Skirt Extension have

madc obsolete the material test program presented for Graphite Composite. Mo

revised test plan is available for review.

7. The corrosion and contamination tests plans were also sot available

ior review,
8. Bearing snd Lubricant Test Matrix M-11

a. Initial material screening of various csndidates - The durations

of these tests are not presented. Discussion with materials personnel revesled

that these are intended, in general, to be tested to failure. This is not indicated

in the plan.
b. Bench tests to evaluate prime candidates - It is indicated that

all tests will be continued for 10 hours and 60 stop-start cycles. From a

Reliability standpoint, this is unacceptable since only the initial and final hard-

ware conditions at the required engine life can be measured. It is suggested

that groups of units be tested to specified durations exceeding the required life
in order to permit estimation of trends in degradation if they exist.
D. TEST SCOPE DOCUMENTS
In general, the test scope documents are acceptable, since they provide
complete and comprehensive discussions of the types of information required from
the testing. However, there appear to be severe discrepancies between the test

scopes and the actual test plans resulting from the test scope documents. For

1

example, the test scope for 18 Ni Maraging Steel requires eight mechanical and

physical properties, while the test plan presented for this material presents

tests for determining only 3 of these properties. .

. @~



111. KADIATL 8 1
An overall plan should be coovrdinsted and agreed upon jointly by Rad.

Eftects and Naterials. The plan developed by Rad, Effects should be wodified
to consider the test facility capabilities, a current complete materials list
including the material forms, and the environmental levels, After approval,
this plan should be rigidly adheved to,

The current plan does not provide for the determination of threshold
values, The sudit did not determine the impact of not defining threshold levels.
If this is important, then the plan should coasider it.

The designers are considering additional materisls not curvently included
in the plan. This may be due to recent developments since the plan vas defined,

There is some question cencearning the forms of materials and the need for
irradiating some materials. For instance, the following materials are listed
as having radiation effects as a problem, but are not included in the radiation
plan.

Ti - 6A1-4V (Sheet)

Ti - 5A1-2.5 sn EL1 (Sheet)

7039-T63 Sheet

Al 2024 Forging

Waspalloy Bar

UDIMET 630

A286 Bar and Forging

301 SS Sheet

In general, the sample sizes are considered minimal. Any statistical
inferences will have low confidence. The AG Carb plan contains only two tests
at each condition. This is unacceptable, since it will not permit any estimation
of variation and very poor estimates of means.

An attempt was made to superimpose the Materisls Plan on the Radiation
Effects proposed matrix. This was difficult to do since some conditions do not

fall within the matrix. Any testing planned by WANL on these materials should

S/C6
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111, RADIATION EFFECTS TESTING (Cont'd)
also be included before any conclusion can be made about the overall cenformance

to the proposed matrix,

IV,  COMPONENT PROBLEM ARFAS ‘
buring the veview of the impact on design of changing to the Full Flow Engine

concept from the Hot Blced Engine, critical materials problems were identified for

the major componenta, The Materials Test Plan was reviewed to verify that tests

were planned for all of these anticipated problems. The results are summarized in
Table 1 and show four items that apparently are not covered:

No rad, effects tests are scheduled for A286 material. The reference

1.
memo on Table 1 indicate that this material may replace Titanium and Inconel for

the Turbine Rotating parts,

2. Therc are low cycle fatigue tests planned for prime Pressure Vessel

cytinder and closure 7039-T63 aluminum but none are scheduled for the backup

material 6061-T6.,

3. Compressive strength data is required for the Thrust Structure materials,

however, no compressive tests are listed for Ti-6A1-4V and no tests of any kind

for the shect form of 2024-T62 aluminum. Annealed sheet is noted as being the

material form to be used for the Upper, Middle and Lower Thrust Structure.
Sheet 6061-T6 and 7039-T63 aluminum are also listed as being considered for these

components. No compressive tests are scheduled for either of these materials,

and no tests of any kind for the sheet form of 7039-T63.

4. The effects of Pressure Vessel seal wear with pressure cycling were
posed as a possible problem by the reference memo on Table X, but no PV seal

tests are listed., Tests are plamned for 301SS seals and Mos2 lubricant and

this may be acceptable to the PV problem.
It is possible that data is available for the questionable areas noted

above, but this is not evident from the test plan,

The following sections discuss specific problems related to the major engine

components., éj 7 07

P —

-

B T TP .



A. TURBOPUMP ASSEMBLY

1. Aluminum 6061 and 7075 are being considered for the hydraulic
inducer turbine rotor, however, no damping tests are planned for forgings
of this material. The damping data will be required to predict the blade
strength, In addition, the tensile tests for "B" type data are not scheduled
unt il September CY'71 and this data will be required by componient PDR for an
intermediate stress analysis of the primary stresses in the TPA.

2. The turbine/pump housing is noted as sheet and forging material,
however, the present design uses welded 347 castings. Tests of this form

should be included in the test matrix.

3. The inducer shaft of Inconel 718 should be added to the TPA
Identification of Materials Problems sheet. The turbine shaft should be
evaluated as a final machined part because its fabrication results in extensive
residual and re-entrant strcsses.

4. There is nc test planned for thermal expansion of 347 sheet or tube.
Has it been determined that the data from forging tests will be applicable
for sheet and tubing?

5. The maturity of data for the critical TPA failure moce was reviewed
and i{s summarized in Table II, The properties required for both the prime and
backup materials for rotor rupture and blade fatiguc are listed and the schedule
of data maturity shown. Questions are noted in the Remarks column. It is not
apparent from the tabulation why a higher maturity of data is scheduled earlier
for the backup material tensile properties than for the prime material.

B. NOZZLE

1. Complex composite structures, such as U tubes require precise evaluation
of axial bend stress due to cyclic axial thermal loading. This requires a panel
scection to be testedy rather than a simple material specimen to account for shape
stiffness.

C. NOZZLE S:.ART INS1ON

1. The skirt 11 be subjected to dynamic transverse bending stresses
‘4
Sy
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C. HOZZLE SKIKY FXTENSION (Cont'd)
and requires the evaluation of the bending modulus of rupture. This also
requires a typical panel section as a specimen to account for composite
pact stiffness.,
2. 347 is used extensively in the nozzle assembly in the TPA. 0
Hydrogen embrittlement is listed as a problem, no hydrogen embrittlement ’
tesis are scheduled,
3. The AG Carb skirt extension is the prime candidate by TD from
NASA. The backup design is a film coolud 347 sheet concept, but is not
listed on the plan.
4. The materials test plan does not reflect all the actual physical
and mechanical properties of AG Carb which will be determined during
testing. The AG Carb detailed test plan, however, has been revised to include
all properties neccssary to Stress to make a proper analysis of the design.
Test results will not be available by PDR.
5. The expected radiation environme-+ is listed in the Materials
Problem Summary as being a maximum fluence of 1.4 x 1019 nvt., The fluence to
which the AG Carb specimens will be subjected according to the test plan is
5 x ]018. If the expected radiation environment is correct, the specimens
should be irradiated at the same level.
D. NOZZLE SKIRT
1. The nozzle skirt will be subjected to low cycle fatigue for
which the bending modulus of rupture is rcquired. A typical panel section will
have to be tested to account for stiffness of the structure,
E. PRESSURE VESSEL AND CLOSURE

1. The predicted environment should go as low as 40°R. Therefore,

B e
PR

:ééting temperatures should be lowered to this value for the vessel mater;gls.

2. Udimet 630 Bolts test radiation levels are at 1018, while the

expected exposure is 1019.
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¥F. VALVES

1, Various materials are under consideration for use in various
valve designs and are not included in the composite Materials Test Plan
vas obtained, Of these, the Materials Department disallowed the use
ot 17-7 and 17-4 "l for springs. A better spring material will be specified
{or valve use. Phosphor bronze, beryllium copper, and beryllium nickel 440,
for use as lip seals, are being investigated for suitability in cryogenic
and radiation enviromments. These materials are not currently in the plan.

2. 301 SS shect is the prime candidate for the valve and actuator
seal, The problem summary lists radiation damage, Hydrogen embrittlement
and physical properties as problems. However, the test plans do not include
testing in these areas.

5. 718 and Udimet 630 bars are listed as prime and backup materials
for the actuator springs. One problem anticipated is torsional modulus,
however, no testing is scheduled for this property.

G. LINES

1. Some materials have been listed as having a radiation effect
problem, but ar. not planned in the radiation testing. These are discussed in
the Radiation Effect section.

2. The effects of welding are not adequately covered.

H. BOLTS

i. Fracture toughness is listed as a problem area, however, no

tes}s are indicated to test for this property.
I, THRUST STRUCTURE

1. Al 2024-T6 sheet is listed as a prime material candidate for
the upper and middle thrust structures and a backup material for the lower
structure. The problems listed for this material are variability of mechanical
properties, fracture toughness including compression, joint properties, fatigue .

resistance and radiation damage. dowever, the only test scheduled for this

wmaterial is tensile without radiation, which may not be sufficient to solve
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1. THRUST STRUCTURES (Cont'd)
2. The problen swunary does not repeat the problems listed for
the upper structure, even though the material candidates remain the same

for the middle and lover structures,

3. AL 2024-762, 6061-T6 and /039--TG3 are all listed as prime

matevial candidates. It is not clear just which is the prime material to be

considered.

4. Ti 6A1-4V is listed as the prime riaterial for the lower thrust

structure and cowpression as a problem area. No compressions tests are

shown for this material.
\

5. Heat transfer propertics such as K and o, necessary to determine

at what temperature,the part will be operating, are not listed for evaluation,

P —

J. ELECTRICAL COMPONENT MATERTALS TESTING RECOMMENDATIONS

1. Since the actuators are to be electrical, consideration should

be given to the insulating materials for use in solenoids and motors,

2. Samples of coated or insulated wire should be radiation tested

to determine the effects of radiation upon the bonding of the insulation to
the wire and changes in insulation resistance. Candidate coatings may be among

the ceramics or polyemids.

3. Methods of terminating or joinipg wires should be tesced, i.e.,

soldering, welding, swaping, etc.

4, Dry lubricants for bearings such as radiation M S and MOSe

should be tested under radiation.

5. T{ magnetic powder clutches are to be used, the material properties

of the powder under radiation cond:tions should be evaluated.



u3loq £q poureiqo
?q 03 ®iep ,0, ‘s3x

sag

paute3qo
2q o3 eiep 9,

I=294ys Ay-9V9 I1 20J
@237 sis931 ‘dwod oN
*3Yys 291-%207

203 P93ISTY §3893 ON

SST0¢ 203 pauueld
awos 3inq ‘sywas

Ad 303 paisTy suoN

91-1909 03 ‘oN
£91-6£0L 103 s34

sxea8 ‘sSutawaq
‘sTeas 203 paureiqo
@q 03 ®BlEDp ],

1eq ‘aqny
‘gujBiro01*°3ys 103
pauuetd s3isa3 ‘sax

L3paniew

leljuis 951419420
*$3083 )3 pue 103
pavuerd S1593 ON

*pouue(d

$353; [end 3juauodwo)

.
e

——

2o

6967 °320 ¢
#8I0W:06LL QWK

6961 °3°0 €T
L6T9KI0LLL OWIY

"

€967 *190 (1
6LE0.:07LL OUVIK |

NM(X=KO[ 2351 20 G510 Jo

MLIU) (emaon,

93FT § 189A 318]

*IYS(AV-TV9TIL % 291-%202

x03 ,34, ?2Ayssordwo)

3371 Pue awam 3jaed
an81ie3 aro4o Mo

vaep
2317 pue aeam 3aeg

aanssaad Nm Y31y
IR JUdweT3II;quly

8T/ % 11 §B A3jauaEu
IUZS O PIBT 447
umouwuﬁaanﬁur“pmum

———

onfdrieg pewaog)

LAY MO UUD  JUT [00)

(° 301 &4 patjTiuvapy auou)

s3upavoq jc aeay

paatabaa
2q Avw ain3oniis 19;3JF3S

agan § BujFTo4Ld aanssaxd teag

8ulTo£> sianssaad pasvaadul

saeaBsButavaq ‘syeas O IvaM

8TL Tauodul
Jo 3udwaTII;aqwa uadoapiy

auygany
103 ¢gzv £q paoe[cax aq Awu
€T. 1dVoDu] pur unTuEITI
2317 Suramwes unI[a SUITIWY

Alquassy sTzzoy

2an3onI3g Isnayy

o689\ 2anssald

S$2103BNJIOY | SIATEA

id 1S3l
L€ CZ¥IAQD

ER RN EERY.!

¢, b1 v1iva

SATH0¥d STVIYILVA

—— s ot g -

§,0it  wd T=00 03 20 LOVdXT HLIIM NVTd LS31 STVI¥ILVIG 40 LOSI8Y L.0D

INZNO4HOZ ¥OLVR



i . ) .
i T e et i oo
p m .
' i
13
— 1
VIUP ML o.«ens»,
AR T !
phu Judael _o_
SISATL v olCansay |
B bt D [ Biand 3 -2 ct il ‘M 114 L 111
Gl td Y - -q 2 \ § a 914 1euoduy 0L 1
SRS v ~ g adt e L €29- H
bt " v -~q D Do RO SRR 1L ot 111 andyaivy
LR TR W6,
v []
q - 'y ey ' 1L 1ouasug 0¢ 4
q -
4

t .- 9 1L Touad] 0L 111

Y e | 2 o e et e b2 3 e e e

B S ¥ 4% ] 1 34
3l O 111 seouydaor dinyovag

e R L IR QP

‘.l
e |

po Iﬂ» 4] " " ﬂNGI Iz
u.l.\llaoll..l.u..ln nnNﬁccOUr—n. oh —u

- q L2 ¥4 1 111

}
P b s :
¥
.
.

. D rmmr e (el T oL 11 K32edv) Buypdueg
' T
s * i [ 1
G - . ' 8T, Tavosup 03 oy 1t
Sr ! ! 1L tiv- 11 votsuudx Teuaayy
"'Ox‘n.nl",‘{. : “
P i ' w o (%4 1 1
duilrs Zaaan w { 37L letsoul " 1
- v q | " Lo Gly- 134
N v —d , 3=117 u$5°T-1v§ L 1,0L $3 1SN
ST T T o — _ PP N U T K ¥ WL K AEidcdd WITLing
12.A0 : OL, A ,_
1048308 AR TRt I Rolol = 30 aa v SIS
h, LTI
—_— -
- ———— ~ —— [ -

R Y YU,




~

-

-,

!
I d
»
b

Lo

MNP

SLTF O

Licle oo

L4

(RN
fouon Istencies nore olsorved curine @ cursary revieu of g
- I STy forcard those additienal co-ncats 1€ you S:if

.
87 ..

J. Yetto DATE: 11 Decesber 1227
735527003535

. J. Wost
Frifhility Revinc.r of %NERVA Specificatlons

J. . Ramstaalor, V.l Bryen

(1) sror-uss charges raquir~d in the Reliadiliey Saoticms
vo nr 2t€0catdaas we have rocaived up to 12-9-3%, i oollr
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E. J. kst

Reliabilicy

velizt.ility & Safety *neolrais S:ctic
Suclear rocket GporTatlons
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siall b2 0.5-3537 or greater”

YLT-37177 Toafoe Instrumentation

.L.2.1 fhana gt "The rrdohilier of th: ni:ziza - critiasl engize
control ao0 diranatic $a:tre=ontation waatures 203 chall he
0.9517 or ureater vhea en; feoe oprration is requ fred”

AT K PIRAT S © EHEL 2008 & L . .
3.1.2.3 X6 Ter Zrealer” &lter 352273

G- 1 (ne Purse tUaft .

3.1.2.1 A2l "or greater”™

20C-CC1%2 Turust Strecture Sulsystea

3.1.2.3 Ch~n - to "Tie rolishility of Thrust Structure Sul-systes
suall by G.7700D or mreater”

£.0-70121 Turbfae klock Valv: and Actustor
3.1.2.1 2 "cr greasvex”

£1C-221%9 utlhopu.d Ssseally

3.1.2.1 Change to"The reliability of the TPA ghall be 0.992831 or
greater™

F1C-90179 tUiriag larnesss

3.1.2.1 Chaure to "tiic rveliability of control instruwcatation distritution
circuits and actuatiou pouver distribution circuits shall te 0.53)4%6 or
greater”,
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TO:
FROM:

SURIFECT:

COPIES TO:

REFERENCE:

The Reliability and Safety Analysis Section has reviewed the subject
report and find it acceptable as written.

MEMORANDUM

P. P. Ventura DATE: 12 December 1969
7850:M0368

J. H. Ramsthaler

Reliability and Safety Analysis Section's Review of
Pressurization and Actuator Gas Requirements,
Data Item S-054-017

W. M. Bryan, D. Buden, A. D. Cornell, R. V. Evleth,
R. S. Fairall, R. B. Glasscock, J. M. Klacking,

C. F. Leyse, B. Mandell, I. L., Odgers, . E. Price,
E. A. Sheridan, W, O, Wetmore

NTO: W. H. Bushnell

(a) Memo 7010:2042M, F. P. Ventura to Distributior,
dtd 9 December 1969, Subject: Pressurization and
Actuator Gas Requirements, Data Item $-054-017

-

A o

t{/r’v J .c‘-l. Ramsthaler, Manager
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CAYERGRY

- 4#(3 LASSIFIED
e 119 _ ‘i /e /
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MEMORANDUM

C. W. Funk Date: 23 December 1969
7850:0380M
F. C. Valls

Review of Material Test Plans

ot o« W, M, Bryan, D, Buden, A, D. Corncll; W, E, Durkee, -
R. B, Glazscock, V, E, Kakle, D, J. Lamvermeyer,
B, Nandell, A, J. Mihanovich, J, H, Rarasthzaler,
E. A. Sheridan, W, E, Stephens, E. J. West, File

Sl (1) Vtable 1l - Naterial Test Plans

Review of the thirteen Material Test Plans listed in Enclosure (1) indicates

ot the pliynical material properties required for the application of Reliability
~nelytical techniques to the design process have been substantially identified.
However, the fullowing recommendations are forwarded for your consideration:

i. Technical Comments

a. It is suggcested that properties of composite sections, such as the
reinforeed praphite waffle extension and skirt tube buandle, be obtained from
actual size test panels with appropriate radii of curvature. Tlic valucs of the
bending maduli of rupture Byk and Byk for these stru-tures should also be
statistically cvaluated, since they are included as Stress Intensity Limits in
SNPO-C-1.

b, Test Plans for the determination of matcerial fatigue strengths and
cudurance hmits should be changed to include values from notched (K = 2,4)
as well as from mirror polished specimens.,

c. Testing to define the "knee" of the fatigue curves will produce data
of questionable accuracy. The "knce! is an arbitrary transition mininium
strength carve through an area of maximum scatier band of points. Also,
the location of the "knee' is greatly influenced by size, geometry, surface
condition, residual stresses, frequency of stress application, etc., that
preclude obtaining additive data that can be readily extrapolated. If operation
1s going to be near such areas, full scale testing or use of the endurance limit
for the design is suggested.

d. Fracturce toughness criteria as measured by the stress intensity
factor K should be refercnced to the Fracture Mechanics Concepts of SNPO-C-1.

c. Crccp data is morc useful when related to percent ratc of creep,
rather than a rate.



C. W. Funk -2 - 23 December 1969

2. Presentatios Comments

o, It in preferable to have a specific statement of the material
prog orties which cre to be determined from a statistical frequency distribu-
Lion of test specnceus,

b. Whenever possible, atilize SNPO-C-1 approved nomenclature,
Also, avord inconsistencics in ite use, such as usiup ke (stress coucentrution
(actor) imverchopesily with Hj¢ (fractare tonghne: ~ eritical siress intersity
facioe), "short transverse meaning "radicl' dircction, and specify
"Dyuamic Modali' as either tensile, bending, or torsional.

c. Qualify use of phrases 3nch as 'mon-operational phase' when
it should specify storage, handling or vacuum, ‘‘corrosion' for stress,
iretting, galvanic corrosion, etc., and "general requirements' should be
wccompanicd by a reference note.

A prebiminary handwritten list with most of the above comments and with the
respective page nnbers, as well as the unsigned Test Plans with suggested
corrections inscrted, have been forwarded to the Materi als Engineer for his
consideration.

M s requested that a formal response to these suggestions be provided in
order to provide a clear basis for our future reviews.

," < / Al
7. C. Z({t./{f,;j
F. C. Valls
Reliability
Reliability and Safety Analysis Section
Nuclecar Rocket Operations
Approved by:

o) ) ::
[/ A F [T AN

/.J. H, Rafmsthaler, Manager
Reliability and Salcetly Analysis Section
NRO Systems Department

CLASSIFICRTION CATEGORY
UNCLASSIFIED

W e e Wiy
CLASSIFVING OF[ICER DATE
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Al 69061

Ti-6AL-1V
Vespel SP-1
301 CRES

A-286

A) 2021

Bearing and
Lubrication

W.aspalloy

Ilastelloy
718 Inconel

Graphite

Ti-5AL-2.5 Sh

(ELI)

Udimet 630 Alloy

Al 7039

18 Ni

TABLE 1

MATERIAL TEST PLANS

Condition

T6
Anuncaled
Polyimidc
Anncaled

Solution

Trcated, Aged

T6

Friction & Wear

Cold Worked
Aged

Amiecaled

Aged

Fibrous Graphite

Composite
Anncaled
Cold Worked
Aged

T63

Maraging

(Solution Treat,

Aged)

ae

Enclosure (1)

Form

Forging Weldments
Sheet Weldments
Sheet

Plate Weldment

Forging Bar

Forging Sheet

Solid

Bar Forging

Sheet
Forging Bar

Allotropic

Forging

Bar

Ring Forged
Weldments

Forge
Bar
Weldment
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